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THE ANALYSIS OF THE INITIAL HEAT 
PRODUCTION OF MUSCLE. | 


By W. HARTREE. 


(From the Physiological Laboratory, Cambridge.) 


In the earliest. experiments on this subject [Hartree and Hill, 1920a], 
using thermopiles not specially made for the purpose and a comparatively 
slowly acting galvanometer, it was found to be possible, but only just 
possible, to secure an analysis of the initial heat: the examples given then, 
and in another paper on the subject [Hartree, 1924], were necessarily 
rough, and the results rather indefinite, even when using an interval for 
the steps in the analysis as long as 0-2 or 0-25 sec. Later, however, 
quicker thermopiles consisting of a single layer of thin wire were made, 
and the galvanometer was improved, the resulting analyses being much 
more definite. An example was published [Hartree, 1925], unfortu- 
nately without numerical details; these, however, have been supplied 
since [Hill, 1930a: Appendix by Hartree]. In various other investi- 
gations [e.g. Hartree and Hill, 1928] the improved methods have been 
employed. The indefiniteness of the earliest results has recently been 
criticized by Amberson [1930], and the suggestion made that the re- 
laxation heat might indeed not exist at all. It was necessary, therefore, 
to examine the matter in detail again, particularly as regards the 
relaxation heat. 

As a preliminary the thermopiles were further improved. Only those 
of the 1925 type were used. The “hot” junctions of the old thermopiles 
were thinned, and the shellac insulation reduced in thickness as far as 
possible; also a further thermopile was made having 64 pairs of constan- 
tan-iron junctions and thinner wire (No. 38 s.w.a., 0-152 mm. diameter), 
which has given the best results: its resistance was 13-8 ohms and that 
of the galvanometer 12-5 ohms: it developed half its maximum current, 
in response to instantaneous warming of the muscle on it, in 0-05 sec. 
(see below). 2 

In recent years the astatic moving magnet galvanometer has been 
greatly improved by Mr A. C. Downing. One of his instruments was 

LXXIL. 1 


MF 
ders 
4 
{ 
- 
J 
3 
x 
4 
. 
4 
‘ 
2 
> 


W. HARTREE. 


_ installed, with special arrangements for critical damping at comparatively 
low sensitivity. This was of such excellence that the drum on which photo- 
graphic records were taken could be placed more than 2 metres from the 

_ galvanometer (which was entirely unshielded magnetically) without any : 
tremor of the spot of light being visible, even on recordsreadto0-lmm. 4 
This alone nearly doubled the effective sensitivity, which was already —_ 
considerably higher than that of the preceding instrument; conse- 
quently, with the sensitivity required, the galvanometer could be 
adjusted to a much shorter period, thereby improving the accuracy 

of the analysis. 

_ A third improvement, employed on some occasions, consisted in using 
practically instantaneous heating for the “control” curves. This re- | 
quires a strong induction shock to be passed through the dead muscle 

‘and, with the thin insulation on the face of the thermopile, this could 
not always be done without sometimes producing unsteady starts on the 
control curves (due to leak of the heating current into the galvanometer), _ 
which make these curves useless. In every case where an “instantaneous 
control” was employed, curves were taken by passing the shock through 
the muscle first in one direction, then in the other—the exact agreement 
of these at the start affords a perfect test for sufficient insulation. Such 
instantaneous controls rise at the start considerably more quickly than 
those even for quite a short time of heating (e.g. 0-05 sec., which was 
usually employed), with the result that, using the former, the choice of 

heats to suit each step in the analysis is more limited, and the whole 
process consequently more definite. 
_ Examples are given below in Tables I and II (pp. 4, 22) in which 
both kinds of control were taken in the same experiment. 

The results obtained by using such a control curve must evidently be plotted as points, 
corresponding to the estimated heat liberated at the various instants used in the analysis, 
and not as short horizontal lines showing “blocks” of heat liberated during the intervals;the = 
latter method perhaps best shows the results when the time of heating for the controlcurve — 
is the same as the interval adopted for the analysis, though in this case it might be equally 
good to show the heats by points plotted at the centre of each interval. 

In the intermediate case, frequently employed, the time of heating for the control curve 
is 0-05 sec., and the interval for the analysis is 0-1 sec.; then the results will be the estimates 
of the heats produced from 0 to 0-05 sec., from 0-1 to 0-15, from 0-2 to 0-25 sec., etc., and are 
best plotted as points at the centres of these intervals. Theoretically, with perfect records —_— 
and controls, the smaller the intervals used in the analysis the better will be the estimate of 
an observed heat production: practically, however, there is a limit to the smallness of the f3 
interval, imposed by the definiteness of the result, and this depends on the rapidity of action _ 

w of the recording instruments (see Appendix IV, p. 25). 

If the interval be halved it will take about four times as long to carry out an analysis 

(which is already sufficiently laborious), and if the effect of halving the interval is to make 
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INITIAL HEAT PRODUCTION OF MUSCLE. 3 


the results of the analysis indefinite (or “oscillatory” as often happens‘) the time taken will 
be wholly wasted, as the result obtained by using the longer interval will give actually a 
better idea of the course of the heat production being investigated. 

With the apparatus as recently improved, very fairly definite results 
are found by using an interval of 0-1 sec. Further, it is well to use in- 
tervals of 0-05 sec. for the first two steps, during which the heat pro- 
duction is large and the rate varying quickly. This will always give a better 
idea of the early heat production than can be obtained by using 0-1 sec. 
intervals from the start; the latter method, moreover, is usually accom- 
panied by an unavoidable negative remainder at 0-1 sec., showing that 
intervals of 0-1 sec. from the start cannot give a good representation of 
the actual heat production. This constitutes one of the underlying diffi- 
culties, since the initial outburst of heat (after a twitch) is so rapid that in — 
exceptional cases it seems to be completely over in less than 0-1 sec., and 


~ in all cases the heat rate varies very rapidly during the first 0-2 sec. If © 


the first step in the analysis is doubtful, or to some extent wrong, it may 
well affect the next one or two steps in a lesser degree. Preference, there- 


- fore, is given to the starts with 0-05 sec. interval for the analysis, but it 


is found that it is of no use to continue with such a short interval, as in 
this case the solution becomes indefinite. Further, it is obvious that 
even the use of an interval of 0-05 sec. cannot possibly determine the 
true shape of a curve which starts at 0, rises to a high maximum between 
0-05 and 0-10 sec. and falls to a small value soon after 0-10 sec., as is 
usually the case. Any curve, in the subsequent diagrams, which is drawn 
above the first 0-2 sec. must be taken as giving only a rough idea of the — 
rate of heat production during that time, and it must not be taken to 
represent the true heat rate at every instant during that time; to do — 
this would require much more rapid recording than could be obtained 


_ by present methods. 


Although the actual shape of the first part of the heat curve is in- : 
determinate, the analysed results do give some information about the — 
nature of the initial breakdown. Taking four cases of a single twitch, in — 
which there was not a sudden dip in the heat curve just after the initial 


breakdown (which may be due to an error as explained later), the average 


results, using controls with instantaneous heating, were, heat at 0 sec., 
0-05; heat at 0-05 sec., 0-19; heat at 0-10 sec., 0°13; from which it is clear 
that the initial breakdown produces heat which starts at a low rate and 
reaches its maximum rate at about 0-06sec. Four similar cases of 


1 Je, too large an estimate at one step being necessarily followed by too small an amount 
at the next, in order to keep small the remainders arising in the course of the analysis. 
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4 W. HARTREE 
| Tastz I. Numerical details for 
Bee. 0 0-2 03 0-5 06 
Twitch: Fig. 1 0 10} 96 249 398 516 me 
0-05 sec. control 0 6 48 148 273 408 536 646 736 806 858 897 926 949 | 7 
Heat 19 +145 ‘04 045 -06 135 -09 9 
Instantaneous control 0 19 92 217 353 485 603 702 781 842 888 921 944 961 3 7@ 
Heat 06 +23 045 04 125 +105 
Twitch: Fig. 7 0 . 10 88} 238 401 534 640 : 
Heat (by instantancous 08 -16 -28 “15 05 ‘01 “195 04 7 
control) | 0 
Twitch: Fig. 2 88 262 436 563 ase 
© 17 86 199 333 466 588 693 777 843 892 928 971 | 6 
Heat 075 +515 025 0 O15 025 0 
* Twitch: Fig. 5 pers | 85 210 451 559 | 
Heat 06 +15 04 -09 10 11 
Twitch: Fig. 6 eos 8 17 194 315 427 525 
045 -14 045 ll 055 09 13 
Twitch: Fig. 3 0 9} 122 322 631 ai. 3 
Instantaneous control 0 17 86 195 324 463 569 670 751 815 865 903 930 951 4 7 
Heat 02 -45 -33 0 0 0 O15 
Twitch: Fig. 4 0 4 46} 142} 266 395 521 * ae 
Instantaneous control © 6 87 104 196 301 408 512 606 688 758 815 861 897 | % 
Heat -09 21 ‘ll 065 “125 ‘ll 085 
Stimulus 0-2 sec.: Fig.8 0 73 212 373 501 586 a 
0-05 see. 0 6 59 176 329 484 619 732 817 879 921 949 967 979 8 § 
Heat ‘ll +14 -20 17 03 ° 025 005 9 
or 165. “15 015 04 02 05 
or, using Q-1sec.control . 255 27 10. . 
0-1 sec. tetanus, using controls of 0-05 sec. heating, gave average results: 
heat 0 to 0-05 sec., 0-15; heat 0-05 to 0-10 sec., 0-19; heat 0-10 to 0-15 sec., 
0-06; thus, as before, the maximum rate is about 4 x (initial heat) per sec. 
_ It may be mentioned that, when starting with two steps of 0-05 sec. and continuing with 
_ steps of 0-1 sec., it is not necessary to measure up the “live” curves by 0-05 sec. at all, but 
the control curves must be determined at each 0-05 sec. for the length of time covering the 
whole analysis, as given in Tables I and IT. 


Further points about the analysis will be considered in the Ap- 
pendices. 

It is of interest to compare the control curves obtained under different 
conditions. The maximum deflection is taken to be 1000, one unit repre- 
senting about 0-1 mm. on the record. In the second case referred to 
(Hartree, 1924] the deflection at 0-5 sec. was 44, and in the first case 
[Hartree and Hill, 1920a]it was considerably less. Forthe 1925thermo- 
piles and galvanometer the deflection at 0-5 sec. was 486, and for those ¢ 
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qT INITIAL HEAT PRODUCTION OF MUSCLE. 5 
is for | ig, 1 to 8 in the text. is 
— 0-9 10 12 13 1-4 15 
gag | 708 797 874 926 959 979 989 996 999 
064 975 983 989 993 996 998 999 1000 1000 1000 1000 999 998 997 996 994 
025 005 0 ‘Ol 005 > 
, : 074 983 988 993 996 998 999 1000 1000 1000 999 998 997 996 994 993 991 
045 005 005 Ol ‘ 
«836 901 945 971 987 
015 O15 005 005 
on | 736 791 856 913 
| a) 983 991 996 999 1000 1000 999 997 995 992 989 986 983 980 977 974 970 
13 09 035 “Ol 005 
847 909 951 978 992 998 1000 
04 03 02 005 005 
807 935 968 988 997 
951 4 770 829 889 934 967 985 995 999 1000 
; 965 975 983 989 993 996 998 999 1000 1000 1000 999 998 997 995 994 992 
840 906 948 976 989 997 1000 
: 3 926 948 965 977 985 .990 994 997 999 1000 1000 999 998 997 995 993 991 
-005 005 
756 843 917 969 904 
: 988 994 997 999 1000 1000 1000 999 999 998 996 994 991 989 986 984 981 
005 15 ‘14 015 01 
0 0 16 135 015 | 005 
015-195 095 01 01 
‘ used in recent experiments it was from 800 to 900. Of course the time of 
a heating used in each case will affect the result, but the above is a fair 
A comparison for a short time of heating, about 0-1 sec. 
: Since the accuracy of the analysis depends to a large extent on the 
5 quickness of rise of the control curves quite soon after the start, it might 
y be further mentioned that with recent recording and instantaneous heat- 


ing the deflection at 0-05 sec. is more than twice as great as that at 
025 sec. in the 1924 case referred to above; consequently, an analysis in 
the latter case, carried out with an interval of 0-25 sec., is not so definite 
as a recent one carried out with an interval of 0-05 sec., and cannot be 
4 compared, as regards definiteness of result, with a recent analysis carried 
e out with an interval of 0-1 sec., as is usual. : 
Let us consider some actual results, all at 0° C. on Rana temporaria. 
In most of the experiments only single twitches were taken, as this is the 
more fundamental case. Here the total heat is comparatively small, so 
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Fig. 1. Single twitch at 0° C. (5. iv. 30, sheet 3). “Normal” case. Relaxation heat fairly 
distinct. The dotted line starting at 0-25 sec., when the tension starts to fall, suggests 
the correct start for the heat due to mechanical relaxation. 

© Analysis by instantaneous control starting with two intervals of 0-05 sec. 

x Analysis by 0-05 sec. control, starting with two intervals of 0-05 sec. shown as “ blocks.” 

Fig. 2. Single twitch at 0° C. (19. iii. 30, sheet 8). “Exceptional” case. Relaxation heat 
quite distinct. See the text. 


Fig. 3, Single twitch at 0° C. (26. iii. 30, sheet 5). “Exceptional” case. See the text. 
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the galvanometer had to be made more sensitive, to obtain a full-sized 
deflection, than when a tetanus was used. This slows down the action of 
the galvanometer somewhat, but not enough to spoil the recording. 

_ Fig. 1 shows the result of the analysis for one sheet of photographs (5) 
taken for single twitches on 5. iv. 30. As, however, there were several 
other experiments giving very closely similar results, it may perhaps be 
taken as the normal case. If it be supposed that relaxation heat starts 
when the tension begins to fall, it seems reasonable to suppose that the 
heat curve near its minimum is made up of two parts as shown by the 
dotted lines; the part showing the relaxation heat starts from a hori- 
zontal tangent at the point at which the tension begins to fall; the second 
dotted line shows the end of the first part of the diagram. On this 
supposition the relaxation heat (always reckoning it as a fraction of the 
total initial heat) is 33 p.c. In several other cases in which the heat 
diagram is very similar, and making the same supposition, the relaxation 
heats are from 31 to 33 p.c. The numerical data for this and subsequent 
cases will be found in Table I. ) 

Fig. 2 shows an exceptional case after the muscle had been stimulated 
many times and the tension had fallen considerably, The relaxation heat 
appears to be distinct, rising slowly when the tension is falling slowly, 


_ having its maximum rate when the tension is falling fastest and reaching 


zero at the same time as the tension. It will be seen from the shape of the 
tension diagram that the muscle was not in a normal condition; the case 


will be further considered later. Here the relaxation heat was about 


28 p.c. In two other experiments in which the circumstances were similar 
there was an even more distinct break between the two parts of the heat — 
curve. Fig. 3 shows one of these and in this case the relaxation heat was 
about 20 p.c. 

If all the analyses gave results similar to those shown in Figs. 1, 2, 3, 
7, 8 and 9, there would be little further to be said, but it is now necessary 
to mention other cases in which the results look very different from those 
referred to. 

Fig. 4 shows a case in which the relaxation heat looks much more than 
usual and the maximum height of the latter part of the curve is earlier 


than usual. If the true relaxation heat is better shown by the broken line, 


the difference may be due to some other cause, or to a technical error; 
for further consideration of this, see later. In this experiment the face 
of the thermopile had been covered with a thin layer of paraffin wax, 
subsequently planed down so that there was no trace of the “ribbing” 
referred to below. The rate of rise of the control curve was very much 
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Fig. 4. Single twitch at 0° C. (29. i. 31, sheet 3). Somewhat similar to Fig. 1, but if dotted 
lines are drawn as in Fig. 1, the relaxation heat appears suuch larger than ual, and 
its maximum rate is earlier than usual when compared with the tension curve. It is 
suggested that the true relaxation is much better represented by the broken line, and 
the intermediate heat A is due to some other cause. See the text. 

\ wig. 5. Single twitch at 0° C. (19. iii. 30, sheet 1). A fairly “smooth” result but apparently 
showing a large amount of heat A which cannot be relaxation heat, as this must start 
somewhat like the dotted line, when the tension starts to fall. See the text. 3 

Fig. 6. Single twitch at 0° C. (19. iii. 30, sheet 3). Another case apparently showing dis- 
tinct heat between the initial outburst and the relaxation heat which must start some- 
what like the dotted line. Se eee 
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reduced, as shown by the numbers in Table I, pov eeamaeacs 
definite as usual. 

Fig. 5 shows a case in which there is apparently an even greater 
amount of heat which cannot be considered as relaxation heat, as a large 
part of it occurs before the tension falls appreciably, and in Fig. 6 there 
is apparently again some heat between the initial outburst and relaxation, 
but so much earlier than in the above cases that it _— a distinct 
“hump” on the curve of heat rate. 

None of the above cases is unique, and it may be said at once that 
when a hump, as in Fig. 6, occurs, it cannot be smoothed out in the course 
of the analysis without leaving quite large remainders, as may be verified 
from the numbers given for this case in Table I. | 

It should be remarked that the analyses have always been carried out 
so as to give the smallest possible remainders, leaving any smoothing for 
the plotted results. Further, when using instantaneous controls (except 
in the case of Fig. 4), it is usually impossible to alter any of the points, 
except, those near the start, by as much as 0-1 on the scale of heat rate 
from the position given without making appreciably larger remainders. 
The vertical scale, labelled heat rate, is, in each case, very nearly the 


Initial heat per second. The analyses are always carried out with both 


“live” and “control” curves reduced to the same maximum 1000. Thus 
the unit of heat is that heat which gives a control maximum of 1000 and 
the total initial heat can only be expressed in that unit after completing 
the analysis and adding up the heats found at the various times. For a 
single twitch with a fast thermopile the initial heat is usually not more 
than about 1-01 units, but for a longer stimulus the initial heat will be 
considerably greater, when expressed in such units. 

It is now necessary to offer some explanation for the very different 
shapes of the curves of heat rate. The same type did not persist through- 
out any one experiment when several sheets of photographs were taken 
(Figs. 5, 6 and 2 in this order, but with several intermediate stimuli, refer 
to the same experiment), and it can merely be noticed that a type like 
Fig. 5 only occurred in early records, and a type like Figs. 2 and 3 only 
in very late records, in which the muscle was in a peculiar state (see 
later). 

There are two alternatives for the occurrence of heat between the 
initial outburst and the relaxation heat. It may be due to a real heat 
production which, in these cases, is later than usual, or it may be due to 
some technical error in the recording. A real heat production between the 
initial outburst and relaxation may be due to three causes: (a) a secondary 
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_ chemical reaction following the primary breakdown caused by the stimu- 

lus; (b) a thermo-elastic effect [Hartree and Hill, 19206] which would 
_ produce equal amounts of heat but of opposite sign when the tension is 
rising and falling; the latter part would probably be inseparable from the 
relaxation heat, but the former should not be overlooked as it may affect 
the form of the heat curve when the tension is rising; (c) friction, the 
effect of which is probably negligible, as the contractions were nearly 
isometric. The thermo-elastic effect cannot account for heat when the 
tension is nearly constant, so (a) appears to give the only possible ex- 
planation if the heat production be real. : 

The principal technical difficulties seem to be: (1) non-uniformity of 
heat production through the muscle substance during contraction. 
Suppose for example that the inside of the muscle (next to the face of the 
thermopile) is more active, and so rises to a higher temperature than the 
outside ; the effect on the thermopile (compared with the case in which the 
same heat is produced uniformly, as may be assumed for the controls) is 
that the junctions first rise in temperature too fast and soon afterwards, 
depending on the thickness of the muscle, too slowly, with corresponding 
effects on the apparent heat production. Such effects would be greater 
_’ in general with thicker muscles, but no correspondence of the kind has 

been observed between the thickness of the muscle and the apparent heat 
now being considered. Very probable causes of such non-uniformity 
would be (a) any damage done to parts of the muscle during dissection, 
(b) insufficient stimulation of some parts of the muscle. 

(2) Change of position of the muscle on the thermopile, or change in 
the degree of contact, as the tension alters. Even when the contraction 
is, on the whole, strictly isometric, it can be observed that there is some 
motion of the muscle on stimulation. Probably the pelvic end, having a 
greater cross-section than the other, extends the latter somewhat as the 
tension rises, and there may also be a small change in the shape of the 
~ cross-section. The more likely source of trouble, however, is the effect of 
the degree of contact. By this is meant that when the muscle tightens 
the thermal conductivity between it and the thermopile may be different 
from that when taking the controls. Any depressions on the face of the 
thermopile would tend to be bridged over by the muscle as its tension 
rises, and even if the face were perfectly flat there would be a tendency 
for the muscle as it tightens to squeeze out some of the moisture between 
itself and the face of the thermopile. With a very thin thermopile the 

muscles must be carefully mounted so that both have good contact. 
The thermopiles used in these experiments were all of the type with 
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soldered hot junctions; all irregularities due to the soldering were re- 
moved, before mounting on the frame, by filing and rubbing down, but 
the general result of using as little shellac as possible was to leave the face _ 
of the thermopile very slightly ribbed, which may have accentuated the 
possible troubles here considered. It is doubtful, however, whether any 
serious error is due to this effect, and a few experiments (Fig. 4, and other 
cases), using thermopiles with faces made as plane as possible with 


_ If the thermal conductivity between the muscle and the thermopile 
were diminished as the muscle tightened, a delay would result in the 
time at which the heat was recorded by the thermopile when the tension 
was large, and the delay would disappear when the tension fell. This delay, 

- coupled with some negative thermo-elastic effect, may well account for 
the sudden dip in the heat curve frequently observed soon after the initial 
breakdown (see Figs. 5 and 6), this dip being occasionally apparent even 
during the time of stimulating, when the muscle was given a tetanus of 

0-2 or 0-3 sec. 

A case similar to Fig. 6 has been considered [Hartree, 1925, p. 273], 
the numerical solution being given later [Hill, 19300, Appendix by 
Hartree]; the solution shows a distinct hump at 0-3 sec., but unfortu- 
nately in the original paper this hump was smoothed off into the later rise 
and called part of the relaxation heat, making this much too large and 
having too early a maximum. Seeing that the paper referred to was” 
principally concerned with the difference between two relaxation heats, 


paraffin wax, show similar irregularities. 


possibly not much harm was done as they were treated in the same way; 


_ but the figure given is misleading and it is now realized that the true re- 
laxation heat should be shown by a curve starting from the base line with 
a horizontal tangent at about 0-3 sec. (when the tension began to fall). 

The hump then left is either due to some technical error (such as a delay 
in heat recording), or to a separate real heat production (such as a 
secondary chemical action). The varying occurrence of these humps seems 
to suggest that they are more probably due to technical error than to a real 
heat production, but seeing that in different states of the muscle such 
heat might well occur at different times the point cannot be definitely 


decided. 
a A word further might be said about the thermo-elastic heat, as the 


writer is of opinion that this is apparent, being negative when the tension 
rises and positive when it falls. In one or two cases, in which the “delay,” 
referred to above, seems to have been rather large, the analysis requires 
@ small negative heat soon after the initial outburst; it does not seem 
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possible that this can be produced by a delay effect, so it may be due to 
the superposition of a negative thermo-elastic effect. 

Further, examination of a large number of records shows that in the 
majority there is a small rise in the heat curve, fairly soon after the tension 
has begun to fall, which does not appear to be part of the much larger and 
faster rise towards the maximum rate of relaxation heat. If it may be 
supposed that the thermo-elastic heat mostly occurs fairly soon after the 
tension has begun to fall, this may show a positive thermo-elastic heat of 
5 to 10 p.c. of the total initial heat; but if, on the other hand, the thermo- 
elastic heat occurs during the whole time of relaxation it will obviously 
be impossible to separate it from the relaxation heat, and the small rise 
in the heat curve may after all be due to a quick improvement in the 
thermal conductivity as the tension falls. 

In some cases, especially when relaxation was rather fast, this possible 
small rise merged into the relaxation heat, as in the case given in Ap- 
pendix II, making the relaxation heat 35 or 36 p.c. in this and similar 
cases, instead of about 29 to 30 p.c., which is the mean value for several 
experiments in which the small rise appeared distinct and was not included. 

Comparatively few experiments were made with a tetanus longer than 
0-1 sec., but Fig. 8 shows a case of some interest. The tetanus was here 
0-2 sec. and it happened that the tension remained nearly constant for an 
unusually long time after the stimulus. While the tension was constant 
(the muscle not being stimulated) there was very small heat production 
and consequently the galvanometer had nearly reached a steady level 
before relaxation started. Since the relaxation heat is here of considerable 
size and of somewhat short duration it makes a very striking rise in the 
galvanometer deflection, as shown in the figure. 

This is also a clear case in which the heat occurring during relaxation 
is closely connected with the fall of tension, ¢.¢. with the degradation of 
mechanical potential energy. As this heat started soon after the tension 
began to fall, ended when the tension had fallen to its original value, and 
had its maximum rate at about the time the tension was falling fastest, 
it seems impossible to suppose that this heat (or most of it) can be due to 
any other cause apart from some possible thermo-elastic heat. The small 
intermediate hump at 0-4 sec., about 7 p.c. of the whole, may be a real 
heat production or the result of a technical error, as discussed elsewhere: 
fortunately in this case it seems to have died out before the relaxation 
heat had started so that the latter is probably fairly accurately repre- 


sented. It amounts to 0-32 out of a total 1-03, 4.e. 31 p.c. of the total 
initial heat. 
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Several experiments, possibly abnormal as they were done in the 
breeding season (March and April), showed a curious result. When single 
twitches were given (one every 3 or 4 minutes, and sometimes an interval 
of an hour or so in the middle of the series), for a time extending over 
several hours, the heat remained very nearly constant but the maximum 
tension fell very much. The tension diagram was usually rather flat when 
this happened, and since there is little heat production while the tension 


is nearly constant the relaxation heat had a very marked effect on the 


(B) 0-05 sec. control record 
02 sec. stimulus record 
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Fig. 8. Tetanus 0-2 sec. at 0° C. (25. ii. 30, sheet 5) A and B stimulus and control records. 
x Analysis by 0-05 sec. control starting with two intervals of 0-05 sec. 
© Analysis by 0-05 sec. control using only 0-1 sec. intervals. 
Dotted line, analysis by 0-1 sec. only. 
Full line, probable course of heat production. 


shape of the galvanometer deflection curve, which was similar to that of 
Fig. 8. Fig. 2 shows one of these cases 7 hours after the start; here heat 
H = 100 and maximum tension 7 = 25, and originally H = 102, JT = 78; 
the relaxation heat for the case shown was about 28 p.c., while in the 
early records it had been about 30 p.c. (not very distinct), so it is obvious 
that the actual magnitude of the relaxation heat (and of the total initial 
heat) had, in these cases, very little connection with the maximum 
tension. 

Another case is shown in Fig. 3, when, after considerable exercise, the 
heat was the same as at first, but the maximum tension was only 28 p.c. 
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of the original maximum tension. The relaxation heat is here only about 
20 p.c. 

In the most extreme case, where the curious change of state came on 
much more quickly than in the above cases, the final maximum tension 
was about one-fifth of the original, while the total initial heat was still 
89 p.c. of the original initial heat. The only possible explanation seems to 
be that a large part of the potential energy of the stimulated muscle 
(which energy is degraded into heat in relaxation) exists in the form of 
internal stresses which did not contribute to the longitudinal tension of 
the muscle as a whole; this is further borne out by the fact that in these 
cases the heat curve (found by analysis) usually looks too late compared 
with the tension curve, i.e. the maximum relaxation heat rate, which is 
usually very near the time at which the tension is falling most quickly, 
is in these cases often considerably later than that time; the heat curve 
also usually goes on for a few tenths of a second longer than the tension 
curve. An extreme case is shown in Fig. 7. Here, after considerable 
exercise and an interval of 2 hours, H was up 20 p.c. and the maximum 
tension down 40 p.c. compared with the original values. It cannot, how- 
ever, be definitely stated that the relaxation of internal stresses is slower 
than that of the tension as a whole, as the same effects would be produced 
by the part of the muscle in contact with the thermopile being less active 
than the centre of the muscle, which is not unlikely after the muscle pad 
been mounted for several hours. 

To conclude the investigation, several alterations in the usual arrange- 
ments were made. Some very thin muscles were used, having a weight 
less than 2, instead of the usual 4 to 6, mg./mm. fora pair of muscles. In 
such cases irregularity of heat production through the muscle substance 
will have less effect than for large muscles. Sometimes the face of the 
thermopile was painted with paraffin oil (medicinal), with a view to im- 
proving the contact between muscle and thermopile or, at least, making 
it more uniform. Neither of these changes had any appreciable effect 
on the analysed heat records. 

Several cases were tried in which the muscle was given different initial 
extensions, The muscle may be called ‘“‘loose” when the initial extension 
is 3 or 4 mm. over a resting length of about 25 mm., the tension then being 
_ quite small, and “tight” when the initial extension is 8 or 9 mm.; in 
previous experiments an intermediate initial extension of 6 or 7 mm. was 
-used. In the “tight” cases the tension diagram is very appreciably 
lengthened, due to the relaxation taking place more slowly [see Hartree 
and Hill, 1921, p. 401], and the relaxation heat is similarly affected, 
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longer with a lower maximum rate. In several cases the sudden 
dip in the heat curve, previously mentioned, soon after the initial out- 


02 
Fig. 7. Single twitch at 0° C. (5. iv. 30, sheet 4). “Exceptional” case, showing a long 
drawn out “initial outburst” associated with a slowly rising tension. See the text. 


Fig. 9. Single twitch at 0° C. (24. iii. 30, sheet 5). 
(a) x analysis by instantaneous control starting with two intervals of 0-05 sec. 
© analysis by control with 0-05 sec. heating starting with two intervals of 0-05 sec. 
shown as “blocks.” See Table II. 
(b) Full and dotted stepped lines show two alternative solutions using control with 
0-1 sec, heating. 


burst, was more distinct when the muscle was loose, which tends to con- 
firm the supposition that this dip may be due to a delay in heat recording 
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on account of inferior contact; but, on the other hand, when the muscle 
is tight the initial outburst may be more spread out than when the muscle 
is loose, just as the relaxation heat certainly is, and this would have the 
effect of diminishing the dip. Further, the comparison is not a very good 
one, as separate control curves have to be taken for the different exten- 
sions used. The muscle was killed when in the loose position and after the 
corresponding controls had been taken it was pulled out to the greater 
extension; after doing so the muscle is hardly likely to be precisely in the 
same position on the thermopile as it was after stimulation, so possibly 
the control curves then taken were not quite suitable. There is no appre- 
ciable change in the magnitude of the relaxation heat reckoned as a 
fraction of the total initial heat in the few cases where it can be distinctly 
found. 

A few cases were considered in which, after the ordinary records in 


oxygen had been taken,-a mixture of 10 p.c. CO, in oxygen was intro- 


duced into the muscle chamber. This had the effect of considerably re- 
ducing the response. The maximum tension fell to about 0-6, and the 
initial heat to about 0-65, of their former values (mean of four cases, not 
very good); the relaxation heat was reduced from about 29 p.c. to about 
26 p.c. of the initial heat and was more spread out (as was the tension 
diagram), with a lower maximum rate than in the first case. Thus the 


actual amount of relaxation heat is reduced in about the same ratio as _ 


the maximum tension. The analyses in the second part of these experi- 
ments is not very reliable as the state of the muscle was continually alter- 


ing and successive galvanometer records usually showed a considerable 


progressive change. 

Experiments with vodo-acetic acid, At the suggestion of Dr E. Lunds- 
gaard, six experiments were made on muscles poisoned with mono-iodo- 
acetic acid. Dr Lundsgaard himself very kindly supplied the acid in 
crystal form. A stock solution of 0-8 p.c. was prepared and neutralized 
to pH 7-4 with NaOH. This was added freshly on each occasion to Ringer’s 
fluid containing 10 mg. P/100 c.c., the final concentration of iodo-acetic 


acid being 1/25,000. According to Lundsgaard [1930, p. 68] a concen- _ 


tration of 1/30,000 may be regarded as the lowest at which poisoning is 
complete in 1 hour, in a sartorious muscle soaked in it. Since the cha- 
racteristic contracture caused by the drug seems to be very small, or long 
delayed, at 0° C., the muscle was in every case soaked in the drugged 
Ringer’s fluid for 1 to 1} hours at room temperature (with oxygen 
bubbling), before being placed in the thermopile chamber at 0° C. There 


the muscle was further in the solution for } to 1 hour before the latter was _ 
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replaced by oxygen. Soaking for 1? to 2} hours in a 1/25,000 solution 
should have ensured complete poisoning. 

There was apparently a slight harmful effect from such long soaking, 
since (i) the response (both 7 and H, but 7 more than H) falls for succes- 
sive stimuli continually from the start (though sometimes by only a little), 
and (ii) most of the analyses showed a small apparent negative heat pro- 
duction for a few tenths of a second after the end of relaxation, as though | 
the outside of the muscle (far from the face of the thermopile) were less 
active than the centre. This “negative heat” may conceivably be a 
genuine occurrence, but it is more likely due to an error of the kind named. 
Being only 1 to 3 p.c. of the initial heat (more for later records of a series), 
it does not affect the general result of the analysis beyond possibly making 
the relaxation heat appear a little too small, as there may have been an 
error of the same kind before the end of relaxation, masked by the 
relaxation heat. 

Apart from this effect, i is impossible to tell from the results of the 
analysis whether the muscle was under the effects of iodo-acetic acid or not. 
The same conclusion has been reached by Fischer [1931] in a recent 
paper. According to him, comparing the heat production before and after 
poisoning of the same muscle, the only change resulting from the poison- 
ing is a slight spreading out, but not an increase, of the relaxation heat. 
So far as the evidence of the present experiments goes the heat due to the 
initial breakdown, in the poisoned muscle, may be liberated rather more 
slowly, and the relaxation heat may be very slightly less, than in the 
normal muscle. The difference, however, is within the range of variation — 
of the latter. | | 

There is no doubt that at 0° C. the contracture characteristic of iodo-acetic acid poison- 
ing takes a long time to appear; if this had not been the case it would have been impossible 
to obtain reliable analyses, since control curves taken with the muscle strongly contracted, 


though probably good enough for the total heat, would certainly not be good enough for an 
accurate analysis. In the first one or two experiments the muscle was rendered inexcitable 


_ with chloroform as soon as possible after the photographic records had been taken, as con- 


tracture was feared, but since it did not occur till much later, in the remaining 

the muscle was stimulated to exhaustion (50 to 100 stimuli of 0-1 sec.) and even then there 
was little or no contracture 3 or 4 hours after the drug was first given ; reliable controls could 
then be made without giving chloroform. Whether chloroform was given or not, contracture 
did finally occur if the muscle was left sufficiently long, but not for a few hours after it had 
been exhausted. 

It has been shown by Fischer (1930, 1931] and by Meyerhof, 
Lundsgaard and Blaschko [1930] and confirmed in Hilf’s laboratory 
[1931] that the ratio 7l/H is unaffected, in single twitches or in short 
tetani, by poisoning with iodo-acetic acid, H being the total initial heat. 

2 
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The fact that this heat, and its distribution in time, are unaffected by 
completely preventing lactic acid formation, is obviously one of consider- 
able significance in the chemical dynamics of muscle, though its meaning 
is not yet clear. The fact that the same kind of secondary “humps” of 
heat production as are found in normal muscle (Fig. 6) may be seen also 
in poisoned ones precludes the possibility that these are specifically due 
to lactic acid formation following an initial phosphagen breakdown. 


Discussion. 


secutive photographic records of galvanometer deflection have frequently 
been taken, even on the live muscle, in which the readings do not differ 
from their mean by more than 1, or 2 at the most, at any point in a curve 
with a maximum deflection of 1000, and although the accuracy of the 
analysis is such (see Appendix II) that practically definite results are 
obtained when using an interval of 0-1 sec. (improved by a start with two 
steps of 0-05 sec.), it must be admitted that other technical difficulties are 
such that the analysed results for the heat production show considerable 
variations which can hardly be due to variations in the real heat produc- 
tion, and it is probable that these variations are principally due to the 
varying degree of contact, and so of conductivity, between the muscle 
and the thermopile, as the muscle alters its tension; in other words, the 
control curves, on which the analysis is based, are probably not exactly 
suitable when the muscle is under tension. 

Some conclusions, however, are quite certain. Taking the case of a 
single twitch at 0° C., there is invariably a large initial outburst of heat 
occurring at a quickly increasing rate (i.e. definitely not starting at its 
maximum rate); the maximum rate is usually at 0-05 sec. roughly, and 
a large part of this heat is over in 0-1 sec. in most cases. The heat pro- 
duction is usually small when the tension is passing its maximum value, 
but it is invariably considerable when the tension is falling, and in a large 
majority of (normal) cases the heat rate has a distinct maximum when 
the tension is falling fastest; further, the heat rate and the tension usually 
reach zero at practically the same time. Thus there is such a close con- 
nection between this later heat production and mechanical relaxation 
that the former is certainly a consequence of the latter (including the 
relaxation from internal stresses). The first very rough determinations 
of the relaxation heat [Hartree and Hill, 1920a] gave a misleading idea, 
as the analyses then used were incapable of determining its distribution : 
they did, however, demonstrate its existence. 
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That the relaxation heat does really represent mechanical potential 
energy dissipated during relaxation is confirmed by experiments [Har- 
tree, 1925; Hartree and Hill, 1928] in which it has been shown that 
when work is done by a stimulated muscle the relaxation heat is corre- 
spondingly reduced. This mechanical energy is probably far less than the 
area of the tension-length curve [see Hartree and Hill, 1928, p. 13, etc.], 
and when much work is done part of the energy for this is derived afresh 
from an internal source as shown by Fenn [Fenn, 1923, 1924; Hill, 
19306]. It seems probable indeed that the best measure of the mechanical 
potential energy of the muscle excited isometrically is the size of the re- 
laxation heat, which in a twitch, or a very short tetanus, is about 32 p.c. 

of the total initial heat. 
SUMMARY. 


1. Improved methods have been applied to the analysis of the initial 
heat production of frog’s muscle, in an isometric twitch or a short tetanus. 
The thermopiles used have been made thinner, quicker and of lower re- 
sistance, and to give a greater E.M.F.; the galvanometer has been made 
more sensitive and freer from disturbances. A single induction shock 
has been employed for making an “instantaneous” heating control. 

2. The initial heat production in a twitch occurs in two phases: 
(a) rapidly rising to a maximum and then falling off during the develop- 
ment of the mechanical response—the “contraction” heat; and (6) rising | 
and falling more gradually during its disappearance—the “relaxation” 
heat. The latter is about 30 to 35 p.c. of the whole. It probably represents 
mechanical potential energy dissipated in relaxation. 

3. Not seldom a more complex distribution of heat appears, but this 
may be due to technical errors and no meaning can at present be attached 
to it. 

4. Poisoning with iodo-acetic acid, by which lactic acid formation is 
prevented, has no significant effect upon the distribution of heat in the 
initial phases of contraction. 

5. Numerical data are given by which the “definiteness” of the 
analyses can be tested. For this kind of analysis the best heating control 
is the “instantaneous” one. ; 


My thanks are due to Prof. A. V. Hill for his unfailing help and advice, 
and also to Mr A. C. Downing for constructing and fitting up the ex- 
cellent galvanometer employed in this research. 
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APPENDIX I. 


Notes on sensitivity, etc 


For the case in which the sensitivity was adjusted so as to allow a 
full-sized deflection (100 mm.) for the heat of a single twitch at 0° C., the 
galvanometer being critically damped, 1 mm. deflection always corre- 
sponded to about 4-5 x 10-* cal./g. With a thermopile having 64 pairs of 
constantan-iron junctions (resistance 13-8 ohms), the sensitivity of the 
galvanometer (resistance 12-5 ohms) had to be such that 1 microvolt, 
applied to the galvanometer only, gave a deflection of about 20 mm., 
which would be about 9-5 mm. in the combined circuit. These deflections 
refer to the photograph, distant 2:12 m. from the galvanometer. Thus the 


current sensitivity of the latter was, 1 mm. at1 m. = about8 x 10-%amp. 


This of course is a very low sensitivity for such an instrument, so that its 
deflection was rapid even when recording the heat for a single twitch. 
To damp it critically with such rapid movements, without introducing 
mechanical disturbances, required special arrangements which will be 
described elsewhere by Downing. 

A single induction shock passed through the galvanometer produces 
@ maximum deflection in 0-1 sec., very closely, and the deflection is in- 
appreciable after 0-8 sec. (so the galvanometer takes the latter time to 
reach a steady deflection under a constant current), If this deflection 
curve be used to analyse the ordinary control curve the result will evi- 
dently give the rise of current in the galvanometer, and so the rise of 
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temperature of the junctions at different times after the heating which 
produced the control curve. This analysis, in fact, eliminates the “lag” 
a in the galvanometer and it shows that, with a control curve produced by 
; | instantaneous heating, the hot junctions reach half their maximum 
temperature in about 0-05 sec.; they reach their maximum temperature 
in about 0-5 sec., but this latter time rather depends on the size of the 
muscle. 
The thermo-£.M.¥. for constantan and iron junctions is about 50 micro- 
volts per degree, so a difference of one degree between the hot and cold 
| junctions of the above thermopile would send through the galvanometer 
a@current 
= 1:2 x 10-4 amp. 


. Assuming the specific heat of the muscle to be unity, one degree rise in 
| ' the temperature of the muscle sends through the galvanometer a current 
| = x 10-4 amp. 
The second number is so much less than the first principally because 
some of the heat must pass from the muscle to warm up the thermopile 
and the diminution of temperature will be more marked the greater is the 
thermal capacity! of the thermopile compared with that of the muscle. 
It should be noted that the difference between two numbers does not 
constitute an “error” of any kind, but only a diminution in the sensitivity 
of the arrangement; and, further, any calibration based on the theoretical 
E.M.F. of the junctions is of no value unless the relative thermal capacities 
| __ of muscle and thermopile can be estimated, or unless that of the latter _ 
| ___ can be neglected, as in the case of a fine single junction inserted into a 
i muscle. 

| The nominal “figure of merit” of the galvanometer used was about 
12,000, but, since this number refers to the case when the suspension was 
specially fitted with a damping vane for critical damping with quick 
action, the actual “‘figure of merit” must be very much higher as the 
‘presence of the damping vane, apart from its damping effect, must 
increase the period very considerably. 

1 By “thermal capacity of the thermopile” is meant that of a body which shares heat 
with the muscle; this is greater than that of the part directly in contact with the muscle, since 
some heat will pass beyond that part which, in effect, increases the thermal capacity; in the 
case of thermopiles made by silver-plating this effect must be very considerable; in fact, 
a recent investigation shows that the sensitivity of such a thermopile is less than half that 
described above when the number of junctions is the same in each case, — 
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APPENDIX II. 


Examples of the analysis. 

As an example of the analysis, the experiment of 24. iii. 30, Fig. 9, 

has been chosen, although it is not to be taken as typical of the behaviour 
of muscle, One sheet of photographs of that experiment has been used 
after the muscle had been in action for some 2 hours, in which case the 
initial outburst had become more spread out than it was originally; the 
muscle, however, was in such a steady state that five consecutive records 
were practically identical and their mean can hardly be more than a unit 
wrong, in a maximum deflection of 1000, at any point. The controls also 
were in good agreement. | 
_ In this particular case it is admitted that the tension curve does not 
look quite normal and, further, the heat appears to go on rather too long 
compared with the tension. There may possibly be a small error at the 
end due to the control curves being too low (at some time after the start), 
because the part of the muscle beyond the electrode is not heated — 
taking the controls, but such an error is rarely observable. 

Full numerical details are given in this case (Table IT), so that it may 
be seen, by anyone who likes to try, how very “definite” the solutions 


Taste II. Analysis of Experiment 


Sec. 0 0-1 0-2 0:3 0-4 0-5 0-6 
Qlsec.control 0 22 193 450 673 824 915 
. se 0 38 41 #133 #253 386 514 626 720 795 854 899 932 955 
Instantaneous control 0 16 85 196 326 459 579 682 766 832 882 919 947 967 
05 -18 -28 -106 035 0 
at 0-05, 0:20 0 8 120 ist al 
at 0-1, 0-195 ‘ 0 1 45 7 
at 0- 0-075 
at 0-3, 0-025 - 7 
at 0-4, 0-005 ° 6 
at 0°7, 0-05 
at 0-8, 0-02 
at 0-9, 0-01 
at 1-0, 0-005 
at 1-1, 0-005 


at 0, has occurred between 0 and 0-05 and so is shown by the horizontal line at height 3-2 per sec.; 


similarly for the next step, heat 0-20 between 0-05 and 0-1. After that, when 0-1 sec. intervals 
have been used, the successive heats are plotted as points. For example, heat 0-195 has occurred 
between 0-] and 0-15sec., and so is plotted as a point, height 1-95 persec. at time 0-125sec., and so on | 
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mainders are kept as small as possible; by this is meant that no remainder 
is to be greater than 1 (in a maximum deflection of 1000), except only the 
first remainder when the interval for the analysis is as long as 0-1 sec. at 
the start; in this case it will often be found impossible to avoid making 
the first remainder several units negative if the subsequent remainders 
are to be kept small; this is because of the “yr variable rate of the heat 
production in the first 0-lsec. 

Alternative solutions are given in Fig. 96, but only for the case of 
* —_ using @ control curve of 0-1 sec. heating; these solutions have equally 
small remainders, but the difference in the result is quite appreciable. If 
the controls for shorter time of heating be used, it will be found that the 
possible differences in solutions leaving only small remainders are much 
smaller than those shown; in these cases it is rarely possible to allow a 
greater difference in the heats at each tenth of a second than + 0-005 at 
one step, — 0-01 at the next and + 0-005 at the next, without making 
greater remainders than those given in the example. 

Fig. 9a shows the results of two different analyses carried out on the 
same galvanometer records, using different control curves. A curve has | 
been drawn so as to be not far from any of the solutions, but taking no 
account of the solutions (Fig. 96) obtained by using controls with 0-1 sec. 
heating, as these rise so slowly compared to the others. There is certainly 


“of 24. ii, 30. Sheet 5. Fig. 9 (a). 


07 0-8 0-9 1-0 1-1 1-2 1-3 1-4 1-5 
963 987 997 999 1000 998 994 990 985 
971 983 991 996 998 999 1000 1000 1000 999 997 995 993 991 989 987 984 
980 988 993 997 999 1000 1000 999 998 996 994 992 989 987 984 982 979 
045 03 O16 005 005 | 
655 746 831 896 943 971 987 996 999 
500 587} 671 736 733 2—Ctté‘éB*CLCL 828 837 841} 
309 391 472 536 583 611 629 eset 644 
127 279 ‘3414 388 41 446 451 
63 132 206 267 313 341 . 371 37 
45 110} 183 243 288 31 346 351 
107 1 283 311 341 
Bice 0 1 6 1 21 28 33} 37 
0 0 


In this case also there is no remainder greater than 1 and the solution is even more definite than 
that using the 0-06 sec. control. 
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some doubt about the early part of the curve but very little about they 
later part, which shows the relaxation heat clearly (with positive thermo- 


elastic heat probably included, see the text), the amount being 35 to 
36 p.c. of the total initial heat. 

The numerical data for Figs. 1 to 8 in the text are given in Table I, 
with the results of each analysis, firstly to show the quality of the control 
curves used for the case of a single twitch (especially as regards the quick 
rise soon after the start), and secondly to show the definiteness of the 
analyses; the last point can be realized only after an attempt to produce 
other solutions without any remainder greater than 1 (or preferably 4, as 
in the example worked out). 


APPENDIX III. 


| The interpretation of the results of analyses. : 
It might be supposed that the results of an analysis can give no idea 


of the distribution of heat during each interval, but a little consideration — 


Fig. 10. Representation of a given heat by “blocks” over the 
intervals, and by “lumps” at the instants. 
will show that this is not quite the case, Fig. 
it may be assumed that there is no heat before 0, and the intervals used 
in the analysis are shown by the numbers along the base. 

In the case A, heat = 2 units occurs in the first-half interval, and it is 
required to determine it. The dotted line shows this heat represented by 
a “block” of uniform height over the whole interval, as would be ob- 
tained by using a control with time of heating equal to the interval. This 


block is, on the whole, too late, and better remainders after an analysis 


would probably be obtained with a little more than 2 units between 0 

and 1, and a corresponding little negative between 1 and 2; the re- 

mainders could not be expected to be very small in either case. 

_ ‘The large dots show the same heat represented by “lumps” 1} and 
} at 0 and at 1 respectively, as would be obtained by using a control with 

instantaneous heating; these have the advantage of giving the heat, on 

the whole, at the right time. 
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Now it obviously will not do to join these dots and say that the in- 
clined line gives the estimated heat rate during the interval; such a line 
is much too low as the area below it only gives half the total heat. The 
important point which has not been taken into account is that if there is 
no heat before 0 and the analysis closes at 1 the curve showing the esti- 
mated heat rate should have vertical tangents at these points. A curve of 


_ the kind has been sketched in, having its area about right; the shape is 


arbitrary but, as a matter of fact, the peak should be higher and more to 
the left to make the centre of gravity of the curve agree with that of the 
dots. 

In the second case, B, two units of heat occur in the second half of an 


interval. The dotted line, as before, shows the same heat by blocks over 


the first two intervals, having on the whole the right position in time; and 
@ curve similar to that in case A has been drawn to show the result ob- 
tained from the dots. Notice now, firstly, if the blocks be replaced by 
single lumps of heat at their centres, as shown by the small circles, and 
these be joined by a straight line, the heat under the line only does not 
represent the whole process, giving in fact only half the total heat; 
secondly, that the method of blocks does not even give the best estimate 
of the heat occurring during each interval since, when a considerable part 
of the heat occurring during an interval happens to come near the end of 
an interval, part of it is necessarily attributed by the analysis to the next 
interval; and, thirdly, that the “block” method (¢.c. the use of a control 
curve with time of heating equal to the interval of the analysis) cannot 
give such a good approximation to a varying heat rate as can be given by 
using a control curve with instantaneous heating, since the curves drawn 
give a closer approximation to the assumed heat than do the dotted lines. 
But, of course, if the heat through each interval happens to be of uniform 
rate, a better solution could not be given than that shown by blocks. — 


« 


APPENDIX IV. 


On the sharpness of an analysis. 

The sharpness of an analysis no doubt principally depends on the 
quickness of rise of the control curve soon after the start. So, firstly, the 
time of heating for the control curve should be as short as possible. 

_ Secondly, the thermopile junctions should rise in temperature as 
quickly as possible, so the insulation should be very thin. Assuming that, 
soon after the start, the z.m.F. produced by the thermopile rises in an 
exponential manner, when a dead muscle on it is instantaneously heated, 
it is proportional to (1— ¢-“/), where 7 may be called the time-lag of 
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the thermopile. Note that when ¢ is very small this becomes ¢/7 of 

its Maximum. 

Thirdly, the galvanometer should act as quickly as possible under the 
conditions that it must be critically damped and that it must give a 
certain maximum deflection (according to the size of the photographic 
paper used) when the muscle produces a certain amount of heat H. The 
larger is H and the larger the sensitivity S of the thermopile (z.M.F. it 
produces per degree), the smaller need the sensitivity of the galvanometer 
be to give the required deflection ; thus, since the period of a galvanometer 
of the type used varies as the square root of its sensitivity, its quickness, 
which is proportional to the reciprocal of the period, varies as (SH)'. 

Now the deflection of a critically damped galvanometer, at time ¢ after 
a constant £.M.F. has been applied to it, is proportional to 

evn, 
where 7', may be called the time-lag of the galvanometer, and so is pro- 
portional to (SH)-*. Note that when ¢ is very amall this becomes ¢*/7,? 
of its maximum. Thus with both thermopile and galvanometer in action 
the deflection for the control curve (with the above assumptions) at 
very small time ¢ after the start is ¢*/7'7',? of the maximum. 

_ It is evident from this that the galvanometer lag is much more im- 
portant than the thermopile lag, any small diminution of galvanometer 
lag having twice the effect of the same diminution of thermopile lag on 
the quickness of rise of the control curve. 

Also, since the above expression is proportional to (##SH)/T7, it is clear 
that the thermopile sensitivity is just as important as thermopile quick- 
ness, The above important results were first pointed out by Prof. A. V. 
Hill, to whom I am indebted for the substance of this note. He further 
remarks that since the time interval for a definite analysis is determined 
by the time required for the control curve to reach a given height, the 
last expression given above shows that the interval for a definite analysis 
is proportional to (7'/SH)*, which shows the small effect of altering any one 
of the quantities concerned unless this alteration is of large amount, and 

this can only be done at present by using larger quantities of heat than 
those used in the present paper, which usually referred to a very short 
stimulus. 

The above consideration is not quite complete since no account has 
been taken of the resistances of the thermopile and galvanometer. How- 
ever, since it is best to have the resistances of thermopile and galvanometer 

_ approximately equal, the above results hold good for a given galvanometer 
when using a thermopile of resistance made to suit it. : 
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EFFECTS OF HIGH OXYGEN PRESSURE ON CARBON 
DIOXIDE TRANSPORT, ON BLOOD AND TISSUE 
ACIDITY, AND ON OXYGEN CONSUMPTION 
AND PULMONARY VENTILATION? ?, 


By JOHN W. BEAN. 


(Department of Physiology, University of Michigan, 
Ann Arbor, Michigan.) 


Untit recent years there was a common belief that control of respiration 
was due to some relatively simple regulatory mechanism, for instance, 
the hydrogen ion concentration of the arterial blood. In the light of 
later experiments and more detailed correlation of existing data 
[Gesell, 1929] it would seem that control lies not in any one, but, rather, 
in a complex of closely inter-related factors bearing on the acidity and 
oxidative state of the respiratory centre. 

One of these factors is the coordination of the dual function of the 
hemoglobin [Gesell, 1923]. From the work of Christiansen, Douglas 
and Haldane [1914] it would seem that any condition which leads to 
a failure in reduction of hemoglobin and the consequent lack of liberation 
of base at the tissues must interfere with the normal removal of carbon 
dioxide from the body and lead to an alteration in respiratory activity. 
It has been suggested that among other conditions causing such failure 
in reduction of hemoglobin is exposure to oxygen at increased baro- 
metric pressures [Gesell, 1923]. This author [1923] states: “In view 
of the possible disturbance of the transport of acid, the problem of 
oxygen poisoning needs reanalysis.”’ 

It was for the purpose of determining more fully the significance of 
this disturbance in acid transport as a factor in respiratory control and 
as a contributing factor in oxygen poisoning that the present study was 
undertaken. 

1 Preliminary report: Proc. Soc. Exp. Biol. and Med. 1929, 26, 832. 


* A dissertation submitted in partial fulfilment of the requirements for the degree 
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| 
A suitable pressure chamber, supplied with accessory equipment for 
continuous registration of ventilation, oxygen absorption, blood acidity 


changes, volume flow of blood, nn and pulse rate was 
1 A, 2, 3). 


+ - 


Fig. 1. Pressure chamber, spirometer and device for recording respiration. Thermopile 
vessel and connections as well as blood sample syringes are shown. 

The recording of pulmonary ventilation and oxygen consumption 
was accomplished by means of a spirometer (S, Fig. 1) of the Hutchinson 
type. Provision was made within the chamber for a soda-lime cartridge 
with inspiratory and expiratory valves. The bell and water seal were 
entirely enclosed within a steel cylinder and subjected to the pressure 
obtaining in the chamber A by means of the pipe connections B and B,. 
The counterbalance for the bell was a solenoid exposed to chamber 
pressure. The magnetic field set up by passage of a current through the 
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solenoid and acting on the counterbalanced iron core located outside 
the chamber, served to record pulmonary ventilation and oxygen con- 
sumption (see Fig. 1). From the same figure it is seen that the solenoid 
circuit is made up of battery, central binding post of an automobile 
spark plug, a very light and flexible wire coil spring, solenoid, silver 
chain (amalgamated), brass pulleys CC, , ground, ammeter, and rheostat. 
The iron core and its writing-point counterbalance are suspended by 
silk thread thrown over pulleys D and D,. Test records made with this 
apparatus are shown in Fig. 4 B. | 


_ In the construction of a manometer (Fig. 2) to give a record of 
blood-pressure on smoked paper, essentially the same principle as used 


in recording ventilation was employed, but in this case the solenoid 


floated on the mercury. One arm of the manometer was connected 


through the chamber wall to the artery and the other by pressure tubing 


to the chamber for pressure equalization. The diagram shows this solenoid 
circuit to be made up of battery, variable resistance, ammeter, binding 
post, mercury, solenoid, silver chain (one end of solenoid winding dipped 


into the mercury and the other soldered to the silver chain), pulley and — 


its binding post. Test records obtained by this new apparatus and those 
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A. Simultaneous tracings of blood-pressure obtained by and 
by electrical method. B. Tracings obtained simultaneously by mechanical and by 
‘newly designed electrical method for recording respiration. C. Simultaneous tracings 
of blood-pressure and pulse rate as obtained by usual mechanical method and by the 
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obtained simultaneously in the usual manner are shown in Fig. 4 A, C. 
Heart rate was recorded electrically with the arrangement shown in 
Fig’. 

Acidity changes were followed graphically by the use of the manganese- 
dioxide electrode [Gesell and Hertz man, 1926], the potentiometer con- 
nections being led out of the chamber wia electrode connections (see 
Fig. 1). Acidity changes were also determined in one series of experiments 
by obtaining samples of fresh circulating blood by means of syringes I 
and II (Figs. 1 and 1A). In experiments on volume flow of blood the 
thermo-electric method of Gesell and Bronk [1926] was used. The 
blood was led through insulating tubes to the thermopile vessel (Fig. 1) 
located outside the pressure chamber. 

All experiments were done on dogs (5 to 12 kg.) anesthetized with 
morphine sulphate and urethane. In all those experiments on volume 
flow of blood, and those in which the electrode was placed in the cir- 
culating blood, heparin was injected intravenously as anti-coagulant. 

The oxygen pressures used ranged between four and five atmospheres 
developed in periods of about four minutes from commercial oxygen 
tanks. More rapid compression, it was found, resulted in too marked 
a rise of temperature within the compression chamber. Exposures were 
regulated to avoid so far as possible the development of the convulsive 
state as observed by Bert [1878], Hill and Greenwood [1907 a], 
Smith [1899], Hill and Macleod [1903 a, c]. Another consideration 
taken into account in regulating the length of exposure was the apparent 
effect of oxygen in decreasing the anzsthesia. This has been noted by 
Davidson [1925] with other anzsthetics. In a few cases, therefore, 


the attempt to produce anesthesia for the desired time resulted in _ 


excessively deep anzsthesia. The duration of exposure to oxygen varied 
somewhat, but in the greater number of experiments it was from fifteen 
to thirty minutes, exclusive of time taken for compression and de- 
compression. While very rapid decompression from high pressures of 
oxygen may possibly result in bubble formation in the tissues [Hill 
and Greenwood, 1907 a], there is no evidence that it occurred in the 
present experiments. Nevertheless, the decompressions were carried out 
slowly except in those cases where lowered anesthesia required rapid 
decompression. In all but a few instances in which the pressure was 
decreased very gradually and continuously, decompression was carried 
out by half stages. The intervals between stages, however, were not 
progressively lengthened as set forth by Boycott, Damant and 

Haldane [1908] in their report on the decompression of divers. 
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RESULTS. 


_ A preliminary series of seven experiments was run with the purpose 
of determining the acidity change, if any, which occurred in the cir- 
culating arterial blood of animals exposed to about three atmospheres 
of pure oxygen. The manganese-dioxide electrode was used and placed 
with the calomel cell inside the compression chamber. In these pre- 
liminary experiments which were run before a method of recording 
respiration had been developed, no spirometer was used. The animals 
breathed the chamber oxygen through a soda-lime cartridge provided 
with inspiratory and expiratory valves. The soda-lime was renewed 
before each experiment. The records obtained by the continuous method 
with the electrode in the common carotid artery showed without 
exception @ rise in acidity of the circulating blood on exposure to high 
oxygen pressure. The acidity curve of one of these experiments is shown 
in Fig. 5, record II. Measuring from the basal drift and expressing 
therefrom the £.M.F. in terms of pH indicates a change to the acid 
direction of approximately 0-13 »H during the exposure to oxygen at 
a pressure of 3200 mm. Hg. With decompression which was slow and — 
continuous there occurred an alkaline change. 

In the later experiments in which respiration was recorded, the 
animals obtained their oxygen supply from the spirometer, which, with 
the chamber, was carefully washed out with pure oxygen preceding 
compression. To ascertain whether there was any accumulation of carbon 
dioxide in the spirometer, samples of the spirometer gas were analysed 
in several experiments and no carbon dioxide was found. 

In twenty-one of twenty-three experiments in which the electrode 
was placed in the arterial or venous blood, the results indicated an acid 
trend (the two exceptions showed a slight decrease in acidity) on exposure 
to high oxygen pressure. The increase in acidity in the different experi- 
ments varied in degree from 0-05 to 0-19 pH. The smaller acidity changes 
were accompanied by the greater hyperpneeas. The acidity curves re- 
traced from the smoked records of two of these experiments are shown 
in records I and III of Fig. 5. Record I indicates an acid rise equivalent 
to a pH change of about 0-18. Both of these records were obtained 
from changes which occurred in the venous blood. A respiratory minute 
volume increase of 50 p.c. accompanied record I, while in the case of 
record III there was an increase of 40 p.c. Record III is of especial 
interest in that the first decompression to 2400 mm. Hg initiated only 
a slight decrease in blood acidity, while the second decompression to 
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1600 mm. produced a marked fall in acidity. The absence of any decided 
decrease in acidity until after the pressure had been lowered to below 
three atmospheres is an indication that the coordination of the dual 
function of the hemoglobin was involved, since at three or more atmo- _ 
spheres the plasma holds sufficient oxygen in simple solution to supply __ 
the needs of the tissues. Reduction of hemoglobin theoretically occurs _ 
only below three atmospheres pressure. Although decompression to one 
atmosphere of pure oxygen gave an initial decrease in the acidity as 
seen in both curves I and III of Fig. 5, a later secondary increase in 


I 
am. 
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Fig. 5. Records of acidity changes as obtained by continuous method with animal exposed 
to high pressures of pure oxygen. Note the sharp decrease in acidity in III on second 
decompression at which point the pressure was just below three atmospheres. Note 


100 mm. + atmo. in ITI. 


acidity developed. This secondary increase was also accompanied ey 
an increase in the respiratory minute volume. 

In another series of five experiments, records of changes in the 
acidity of both the arterial and venous blood were obtained simul- 
taneously by the continuous method. Both bloods showed an increase 
in acidity on exposure to high oxygen pressure, but while there may 
have been a greater increase in acidity on the venous side of the circulation 
it was not demonstrated in any striking manner. 

It seemed advisable to determine the acidity changes by other than 
the manganese-dioxide electrode method. To this end a series of eleven 
experiments was run in which samples were taken from the circulating 
arterial and venous bloods. Hemolysis of the blood by rupture of the 
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blood cells on withdrawing the sample prevented the use of the quin- 
hydrone electrode [Cullen and Biilmann, 1925]. This hemolysis also — 


offered some difficulty in the use of the Hastings’ [1930] hydrogen ion 
colorimeter, but all of the experiments in which this method was used 


showed a definite acid change senearase - results obtained by the 


continuous method. 


Heparinized fresh blood was subjected to high oxygen pressure and 
the acidity followed by the continuous method. In five such experiments 
no change was noted even after an exposure to 4-5 atmospheres of pure 
oxygen for an hour. The acidity changes noted in the animal experiments 


must then have been due to the involvement of the tissues and not to _ 


Fig. 6. Portions of records showing progressive changes in ventilation and pulse rate 
brought about by exposure to and subsequent decompression from high oxygen 
pressure; I, animal breathing pure oxygen at 740 mm. Hg; II, seven minutes after 
raising pressure to 3650 mm.; III, after sixty minutes’ exposure to 3650 mm. Hg; 
IV, first stage of decompression; decompression from IV to V was in four stages 
occupying seventy minutes; VI, thirty minutes after V. 


a direct acid effect of high pressure of oxygen on the blood or the 


electrode. The absence of any marked change in acidity until after the 
pressure was lowered to less than three atmospheres as shown in 
record III, Fig. 5, is further evidence that the electrode was not affected 
by the high oxygen pressure. 

_ Ventilation was followed in preliminary experiments by direct 
inspection of depth and rate of respiratory movements. The absence of 
any marked respiratory response may have been due to excessive 
anesthesia. It is accepted that in deep anesthesia CO, has little or no 
effect on total ventilation. In later experiments respiration was recorded 
by the spirometer. With few exceptions the respiratory minute volume © 
was, as shown in Figs. 6 and 7, increased on exposure to high oxygen 
pressure. In some instances this increase was prompt, while in others 
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it was delayed, The increase was frequently associated with a decrease 
in respiratory rate, but in some experiments both rate and depth were 
increased. The delay in the increase of respiratory minute volume 
was in some cases preceded by an initial short decrease in rate and 
depth of respiration, but in others by no significant change. The early 
part of decompression brought about a decrease in the respiratory 
minute volume in many instances, but this decrease was frequently only 
temporary for, after lowering the pressure toward one atmosphere, there 
occurred in some cases a secondary increase in respiratory minute volume. 
Mention has already been made of the secondary rise in acidity which 
often accompanied the secondary increase in respiratory minute volume. 
The secondary increase in ventilation was also not infrequently tem- 
porary, and after a time returned toward pre-exposure values. — 

Oxygen absorption, which included oxygen consumption and that 
going into solution, was determined from the slope of the respiration 
record, due account being taken of the necessary temperature and 
pressure corrections. These determinations were made in forty-five 
‘experiments. Twenty-three of these indicated a decrease in oxygen 
absorption, beginning within about four minutes after the cessation of 
compression; thirteen, an initial increase followed later by a decided 
decrease to values below normal; eight, an increase with no later decrease; 
and another showed no change, due perhaps to too heavy anesthesia. 
There occurred on decompression not only a return to the normal value 
_ of oxygen absorption but in most cases a marked overshooting as well. 
Graphic representations of the changes in oxygen absorption in some 
of the experiments are shown in Fig. 7. 

So as not to confuse any decrease in oxygen consumption due to 
high oxygen pressure with a gradual harmful effect of heparin five 
experiments were carried out on non-heparinized animals. The results 
of these warranted the conclusion that heparin was not a determining 
factor in results obtained. 

Volume flow of blood was followed in twenty-eight experiments. 
From experiments in vitro it had been found necessary to locate the 
thermopile outside the compression chamber and to insulate all the 


connecting tubes with cotton-wool to avoid thermal effects of compression _ : 


and decompression. This arrangement also permitted the direct inspection 
of the blood colour as the blood flowed through the thermopile vessel 
(see Figs. 1 and 1 A). Three of these experiments showed only a very slight 
increase in volume flow of blood with increased oxygen pressure; in the 
_ others there was no significant change except in those in which periodicity 
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Fig. 7. Simultaneous changes in blood acidi 
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in volume flow of blood, respiration, blood colour, blood-pressure, and 
heart rate, occurred. 
_ Blood colour changes were observed in all of those experiments in 
which volume flow of blood was followed. These experiments were about 
equally divided between the venous and arterial blood flow: The colour 
of the arterial blood seemed to increase slightly in brightness on com- 
pression from one atmosphere of pure oxygen to four or five atmospheres, 
thus making the subsequent increase in respiratory minute volume the 
most significant. On decompression to one atmosphere there occurred 

a darkening, in some instances to a point darker than the pre-compression 
colour, and this even though the lungs were presumably still filled with 
pure oxygen. This darkening of the arterial blood was most marked in 
those cases which on return to atmospheric pressure showed an increase 
in respiratory minute volume. The changes in venous blood were even 
more striking. The very prompt change in the venous blood to a bright 
arterial colour during compression indicated the extent of physical 
solution of oxygen in the arterial blood. In several experiments in which 
the circulating vertebral venous blood was observed the colour changes 
conformed to those of the general circulation. In other experiments in 
which periodic respiration occurred there were accompanying periodic 
changes in the colour of the circulating blood. Simultaneous observations 
on the colour of the arterial and venous blood were made in those 
experiments in which acid changes in both venous and arterial blood 
were recorded, Prompt alterations in colour occurred in both bloods. 
The frothing and hemolysis found in all those samples of blood 
withdrawn from the animal under pressure indicated supersaturation of 
the blood with oxygen. From experiments in vitro it was found that no 
hemolysis occurred as a result of decompression, from four atmospheres 
oxygen pressure, occupying a period of two minutes, but if this same 
blood was instantly released from pressure by withdrawing it through 
a small stopcock to the exterior of the tank, marked hemolysis occurred. 
It would seem then that the hemolysis of the blood drawn directly 
from the animal was due to mechanical rupture of red blood cells and 
not to some chemical action taking place within the animal. 
: The blood-pressure increased in only five of sixty-one experiments. 
The others showed no change or a slight decrease. In all but four experi- 
ments exposure to increased oxygen pressure was attended by a decrease 
in heart rate, and decompression by an increase, in many instances to 
values higher than the pre-compression record. The four — 
showed an increase in heart rate on exposure. 
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In Fig. 7 A, B, C, D, are shown graphically the results of a few 
experiments, which serve to relate the changes occurring simultaneously 
in blood acidity, respiratory minute volume, oxygen absorption and pulse 
rate. No appreciable change occurred in respiratory minute volume or 
oxygen absorption in Graph A after breathing pure oxygen at one 
atmosphere for successive periods of eight and sixteen minutes, while 
blood acidity and pulse rate decreased. With raising the pressure up to 
3650 mm. Hg and after a relatively short exposure (fourteen minutes), 
the acidity of the venous blood and respiratory minute volume increased, 
oxygen absorption and pulse rate decreased. During decompression to 
2000 mm. Hg (occupying eight minutes) and subsequent exposure to this 
_ new pressure for fourteen minutes the changes noted during compression 
were reversed. The decrease in respiratory minute volume during early 
decompression was, however, only temporary. With a lowering of 
pressure to 1200 mm. Hg in five minutes and subsequent exposure to 
this pressure for ten minutes the oxygen absorption increased, over- 
‘shooting the normal by 100 p.c. Respiratory minute volume increased 
200 p.c., pulse rate rose slightly above normal and the fall in blood 
acidity was slowed. The next decompression stage gave a decrease in 
acidity, a marked fall in respiratory minute volume and pulse rate. 
With further decompression to one atmosphere of pure oxygen further 
decrease occurred in all the curves. After one hour and fifty-two minutes 
of breathing oxygen at one atmosphere, complete apnoea came on, acidity 
increased, and periodicity in respiratory minute volume, volume flow 
of blood, pulse rate, blood-pressure and blood colour ensued. 

In the next experiment (Graph B) there were two successive exposures. 
The thin continuous line and the thin broken line represent oxygen — 
consumption and respiratory minute volume respectively for the first 
exposure to increased oxygen pressure, while the heavy continuous line 
and the heavy broken line correspond to the second exposure. The initial 
and continued decrease in oxygen absorption during the first exposure 
to oxygen pressure of 3600 mm. Hg, the overshooting of oxygen absorption 
and its later fall toward normal during decompression and subsequent 
tendency to rise again at one atmosphere oxygen are about duplicated 
in the second exposure. The respiratory minute volume after thirteen 
minutes’ exposure was altered very little from its value at one atmosphere 
pressure of oxygen, but after thirty-three minutes it had increased from 
80 to 190 c.c. per min. per kg., and after fifty minutes more at a pressure 
of 3600 mm. it had risen to 210 c.c. The first stage of decompression 
tended to bring the respiratory minute volume to normal in the first 


<> 
tre 
‘ay 
a 
WS 
ag] 
va 
vay 
a 
‘ 


y 
r 


~~ 


OXYGEN POISONING AND CO, TRANSPORT. 41 


exposure curve, but further decompression increased respiratory minute 
volume to four times the normal obtaining at the beginning of the 
experiment. Seventy minutes later this hyperpnwa had decreased but 
not to normal. The increase in the respiratory minute volume during 
the second exposure was less than that of the first, and the decrease 
occurred later in decompression. The general level of respiratory minute 
volume during the second compression was much above that of the first. 
Pulse rate during the first exposure decreased, but not to such an extent 
as that shown during the exposure to one atmosphere preceding the 
compression. Clot formation prevented the obtaining of a record of pulse 
rate during the second exposure. 

Graph C shows an initial increase in oxygen absorption followed by 
a later decrease on exposure to increased pressure. The temporary 
secondary respiratory minute volume increase is absent. Graph D shows 
@ similar initial increase in oxygen absorption. The initial decrease in 
respiratory minute volume occurred relatively late in decompression. 


DIsoussIoN. 
The volume flow of blood through the respiratory centre plays a very 


_ significant réle in respiratory control (Gesell, Capp and Foote, 1922; 


Gesell, 1922]. Perhaps of equal importance is the character or com- 
position of this circulating fluid, especially as relating to its efficiency 
as a carrier of those substances which directly or indirectly contribute 
to the removal of acid from the region. Christiansen, Douglas and 
Haldane [1914] showed that when h»wmoglobin loses oxygen it becomes 
more basic, and under normal conditions the carbon dioxide liberated 
at the tissues is about neutralized by the base provided by the reduction 
of hemoglobin [W erigo, 1892; L. J. Henderson, 1920]. The upsetting 
of this inter-relation at any point in the cycle constitutes a “broken 
coordination of the dual function of the hemoglobin” (Gesell, 1923]. 


_ Among the conditions which might bring about such an upset, have 


been cited carbon monoxide poisoning, lowered alveolar oxygen, 
hemorrhage, cardiac decompensation, anemia, cyanide poisoning, and 
oxygen poisoning [Gesell, 1925], all of which are attended by alteration 
in respiratory activity. 

Under normal conditions the blood contains about 19 volumes p.c. 
of oxygen. On subjecting it to three atmospheres pure oxygen about 
6 c.c. additional are taken up in simple solution. Normally this is about 
the amount which is lost on passing through the tissue. Therefore, during 
exposure to three atmospheres of pure oxygen the tissues should receive 
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all their oxygen from the plasma, leaving the hemoglobin completely 
oxidized. “It follows other things remaining constant that an animal 
subjected to three atmospheres of pure oxygen is totally robbed of the 
potential alkalinity of its hemoglobin” (Gesell, 1923]. 

Even assuming that carbon dioxide is carried in significant amounts 
as carbhemoglobin [Henriques, 1929]—recently questioned by Van 
Slyke and Hawkins [1930]—the carbon dioxide dissociation curves 
of oxidized and reduced hemoglobin of Henriques still indicate the 
importance of the dual function of hemoglobin. 

The respiratory response in animals exposed to high tensions of oxygen, 
as observed by many investigators [Bert, 1878; Smith, 1899; L. Hill, 
1908; Hill and Macleod, 1903; Gesell, 1923; and others], might well 
be taken as confirmatory evidence of disturbance in the acid transport. 
Gesell [1923] finds that intact rats subjected to high oxygen tension 


are very sensitive to administration of carbon dioxide. The results of | 


the present investigation, of which a preliminary report has been given 
[Bean, 1929], point conclusively to an increased acidity of the blood 
with an accompanying accumulation of acid in the tissues of animals 
exposed to high pressures of pure oxygen. Such conclusions are supported 
not only by the information gained from experiments in which the 
manganese-dioxide electrode method was employed but also by the 
results of later experiments in which the colorimetric method was used 
on drawn samples of blood. The marked frothing of the venous blood 


drawn from the animals under pressure is strong evidence of the super- 


saturation of the blood with oxygen. This bubble formation which took 


place throughout the sample provided an especially efficient means of 


removing from solution the dissolved carbon dioxide of the blood. This 
removal would leave the sample with a lower acidity than that obtaining 
in the circulation. The acid results seen in those samples withdrawn while 
under pressure become then more significant, and help to establish the 
validity of the acid results obtained by the electrode method. : 
Record ITI, Fig. 5, is of especial interest since it shows that a marked 
decrease in acidity occurred only after the pressure was diminished to 
below three atmospheres, at which point the normal mechanism of acid 
transport should again begin to be effective, The secondary rise in 
acidity which occurred in some experiments following the alkaline change 
during decompression is not to be attributed to a supersaturation of the 
blood with oxygen but rather perhaps to an impairment of removal of 
_ carbon dioxide and a lack of proper oxygenation, thus involving the dual 
function of the hemoglobin in quite a different way. This may have 
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HM been occasioned by a possible alteration in lung epithelium brought about 
~ by the exposure to oxygen [Smith, 1899]. The darkening of the blood 
_ after decompression in some experiments supports this view. | 


The general increase in the respiratory minute volume as seen on 


_ exposure of animals to high oxygen pressure lends further support to 
_ the theory of disturbed acid transport. The acidity curves (Fig. 5) did 
- not continue a rapid rise indefinitely as the exposure was prolonged. 
_ Thus, with increased ventilation, a progressively slower rise in acidity 
_ oceurred as exposure continued. In some instances of increased ventila- _ 
_ tion a relatively constant acid level was reached. The respiratory minute 


volume may be increased during exposure to high oxygen pressure by 
an increase in depth alone, since in some of the experiments showing 
increased minute volume the rate was slowed. This slowing of respiratory 


% thythm is a reaction which sometimes occurs on the administration of 


carbon dioxide, but apparently not with impaired oxidation from lowered 
alveolar oxygen. 

The finding that oxygen absorption is diminished in animals exposed 
to high oxygen pressure calls for some analysis, especially since in a few 
experiments the diminution was preceded by an early increase. This 
early increase might conceivably be due to that oxygen which is being 
taken up in simple solution. Hill and Greenwood [1907 6] believed 
complete saturation of tissues with nitrogen to occur in about ten 
minutes after exposure to air at three atmospheres pressure, agreeing 
in principle with V. Schrétter [1904]. It is estimated (Haldane, 
1927] that in the case of nitrogen less than twenty rounds of circulation 
are necessary for the body to reach half saturation under increased 
pressures of air, i.e. about ten minutes. For the dog, whose rate of 
circulation is faster than that of man, the half-saturation value should 
be reached in less time. It may, therefore, be that in those experiments 
in which initial increase in oxygen absorption was absent, the process 
of saturation had been about completed during the period in which the 
oxygen pressure was being raised. Hill and Macleod [1903 6], however, 
maintained that only after considerable time is the distribution corre- 
sponding to Dalton’s Law obtained. If this be true the decrease in oxygen 


' consumption as observed in the present investigation must be the more 


pronounced, since in spite of the amount going into solution the 
absorption values decrease. 

Another explanation of the delay in the diminution of oxygen 
absorption is suggested in the relation of acidity to metabolic rate. 
Increased acidity of the tissues tends to lower oxidations. From the 
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acidity curves (Fig. 5) it is seen that while the acid change follows very 
soon after the compression it is gradual. We would expect then that if 
decreased oxygen consumption is a result of acidity, it would become 
progressively more marked throughout exposure—in other words the 
reduction of oxidations would be secondary to the development of 
acidity—which is borne out by experiment. 

The overshooting of oxidations is indicative of accumulation of 
metabolites. It thus appears that oxidations are reduced during the 
high pressure in spite of the combination of increasing accumulation of 
oxidizable material and high oxygen pressure. They are increased with 
decompression despite a reduction in oxygen pressure. This again suggests 
the importance of acidity. 

It is quite possible that in some of the present experiments there 
occurred irreversible changes or pneumonic conditions in the lungs, but 
it is not likely that such were the determining factors in the oxygen 
absorption results obtained in our acute experiments. The oxygen 


_ absorption line in Fig. 7B of the second exposure approximates very 


closely to the corresponding line of the first exposure. Had there been 


_ @ thickening of lung epithelium or a pneumonic condition which would 


have tended to cut down oxygen diffusion it would [Binger, Faulkner 
and Moore, 1927] seem as though the second oxygen line should have 
been lower than that of the primary exposure. From the graph it is seen 
to be actually higher. There must, however, have been some alteration 
in the conditions as a result of the first exposure, since the general level 
of the respiratory minute volume line is higher for the second exposure 


_ than for the first. It may be that the greater oxygen absorption in the 


second exposure was consequent upon the greater muscular effort accom- 

panying the greater ventilation [Liljestrand, 1917]. If the lung changes 

had been effective in lowering the diffusion of oxygen the overshooting 

of oxygen absorption mentioned above would probably not have been 
t. 

The belief that oxygen poisoning involves some important causal 
factor other than lung damage is supported by the experiments of 
Bornstein and Stroink [1912] who find that lung changes in animals 
exposed to five atmospheres of oxygen for from two to six hours are 
more marked than in those which die with a much shorter exposure to 
seven atmospheres of oxygen. They conclude that the cramps observed _ 
during exposure and the death of the animals are not due to lung edema. 
The deleterious effect of high oxygen pressures on some bacteria [Novy 
and Soule, 1925] cannot, however, be explained either on the basis of 
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a broken coordination of the dual function of hemoglobin or on lung 


damage. It may be that this action of oxygen on living cells is an 
additional contributing factor in the oxygen poisoning seen in mammals. 

The diminished carbon dioxide output of animals exposed to high 
oxygen pressure found by Smith [1899] was interpreted by him as 
being due to an inflammatory condition of the lung consequent upon 
the exposure. Similar results obtained by Hill and Macleod [1903 a] 
are thought by them to be a result of a reduction in oxidations, since the 
decrease in carbon dioxide output occurs before the pneumonic condition 
is set up in the lungs. The lowering of body temperature as observed in 
the same experiments is believed by these authors to be further evidence 


. of decreased oxidations. No lowering of the body temperature as deter- 


mined by rectal thermometer was found in the experimental animals of 
the present study, neither was there any evidence from which it might 
be concluded that the cooling effect of compressed gas due to its increased 
thermal conductivity is a contributing factor in oxygen poisoning [Hill 
and Macleod, 1903 c]. No cases were found in which any moisture was 
felt on the animal’s fur. 

Dautrebande and Haldane[1921] attempted to determine whether 


_ the tissues of the nervous system are protected against the influence of 


oxygen by a diminution of circulation through them, thus lowering the 
oxygen pressure in the tissues. Any fall in alveolar carbon dioxide 
pressure when oxygen at increased pressure was breathed was to be 
taken as an indication of a decreased blood flow. Observing a decided 
fall in alveolar carbon dioxide tension—as had others [Bert, 1878; Hill 
and Macleod, 1903 a]—they conclude that the increased ventilation 
and diminished pulse rate obtaining during exposure to increased oxygen 
pressure is brought about by a slowing of the blood through the tissues. 
The colour and the frothing of the venous blood as observed in the 
present study, however, offer strong evidence of the supersaturation — 
and non-reduction of oxyhemoglobin as it passes through the tissues. 
The direct. measurement of blood volume flow shows that there is no 
decrease in circulation, and there are a few cases which suggest that there 
is even a slight increase. Granting that the broken coordination of the 
dual function does play an important réle in oxygen poisoning, an 
increase in flow could be as logically expected as a protective mechanism 
against an accumulation of acid. Campbell [1930], in recent experi- 
ments, strongly supporting the belief in a disturbed acid transport in 
oxygen poisoning, implies an involvement of a vaso-constriction in the 
accumulation of carbon dioxide in the tissues under high oxygen pressure, 
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and has included it, perhaps unnecessarily, with the logical explanation 
based on the broken coordination of the dual function of the hemoglobin 
as proposed by Gesell [1923]. The carotid blood flow quite likely 
parallels the vertebral flow [Bronk and Gesell, 1927; Bernthal, 
Bronk, Cordero and Gesell, 1927]. The absence of a decrease in carotid 
flow in experiments of the present study then indicates an absence of 
@ vaso-constriction in the brain to protect it from the high pressures of 
oxygen. The change from a venous to a bright arterial colour in vertebral 
- venous blood of animals on exposure to high oxygen pressure, and the 
frothing of the same blood in withdrawn samples, are more direct 
evidence that the blood flow is not slowed up through the brain to the 
extent that normal reduction occurs. Still further evidence that there 
is no decrease in blood flow during exposure to high oxygen pressure is 
found in experiments [Hill, 1908] in which there was no observable 
change in the wing of a bat or the web of a frog’s foot when exposed to 
seventy atmospheres of air which is — to fourteen atmospheres 
of pure oxygen. 
| SuMMARY. | 

Assuming that the blood holds 6 p.c. of oxygen in simple solution, 
when a resting animal is exposed to three atmospheres of oxygen the 
tissues should obtain their necessary oxygen without the reduction of 
hemoglobin. This leading to a failure of liberation of base and a conse- 
quent broken coordination of the dual function of the hemoglobin, 
should give rise to an accumulation of acid within the tissues. 

This hypothesis was tested in experiments on sixty-eight dogs sub- 
jected to high pressures (three to five atmospheres) of pure oxygen. 
Venous and arterial blood changes, respiratory minute volume, respira- 
tory rate, oxygen consumption, blood-pressure, pulse rate and blood 
volume flow were followed continuously by especially constructed 
apparatus. Blood colour, frothing of blood and acidity were observed 
in drawn samples of blood. Rectal temperature was followed. 

Exposure to three or more atmospheres of pure oxygen increased the 
acidity of the arterial and venous blood. Decompression resulted in a 
return toward normal acidity. This increase in hydrogen ion concentration 
of the blood was attributed to an accumulation of carbon dioxide within 
the tissues due in the main to a broken coordination of the dual function 

of hemoglobin both in the tissues and at the lungs. 
_ Exposure to high pressures of oxygen elicited an augmented pul- 
monary ventilation which commonly increased with continued exposure. 
Decompression was associated with a decreased pulmonary ventilation. 
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The progressive increase in ventilation and decrease in oxygen 
consumption with continued exposure to increased pressure, and a 
progressive accumulation of acid, suggested that both the increased 
ventilation and decreased oxygen consumption were related to changes 
in the hydrogen ion concentration of the tissues. On the other hand 
additional impairment of oxidation by a direct action of increased 
oxygen pressure was not excluded. 

It is concluded that the effect of high oxygen pressure on pulmonary : 
ventilation may be related to an accumulation of acid metabolites and 
to an altered oxidative state consequent upon the broken coordination 
of the dual function of the hemoglobin. 

Overshooting of oxygen consumption to values above normal com- 
monly occurred during the early stages of recovery during decompression. 

Rectal temperature observations indicated that the changes in 
oxygen consumption were not due to changes in the temperature of the 

The absence of decreased carotid flow of blood fails to support the 
view that active vaso-constriction occurs as a protective mechanism 
against high oxygen pressure in the tissues. This is also indicated by the 
bright arterial hue of the returning venous blood and by the invariable 
frothing of the venous blood on release from high pressures. 

The decrease in oxygen consumption and the increase in acidity of — 
tissue make it difficult to determine the relative effect of each on 
pulmonary ventilation. 

The finding that the rate of respiratory movements may diminish 
with an increase in respiratory minute volume suggests an acid action, 
since such results are not infrequently obtained with the administration 
of carbon dioxide. The augmentation of respiratory rate suggests effects 
of impaired oxidations. 

Exposure to increased oxygen pressure gave a decrease in pulse rate 
which is a result characteristic of carbon dioxide administration. 
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THE INFLUENCE OF VENOUS PRESSURE ON THE 
ISOLATED MAMMALIAN KIDNEY. | 


By F. R. WINTON. 
Beit Memorial Fellow, — 


(From the Department of Pharmacology, University College, London.) 


INTRODUCTION, 


Ir the blood-pressure in the renal vein is raised beyond about 10 mm. Hg 
it retards the urine flow. Ludwig [1861] attributed this to mechanical 
obstruction of the distal part of the uriniferous tubules, due to their 
compression by the surrounding venules. Heidenhain [1883] endorsed 
this view in the following terms: “ Venése Stauung hat aber noch beson- 
dere Folgungen fiir die Grenzschicht. Indem ihre Venenbiindel sich 
erweitern, verengern oder verschliessen sie selbst vollstandig die zwischen 
ihn biindelweise gelargerten Harncanilchen, wie Ludwig theils durch 
anatomische Untersuchungen von Hundenieren mit wihrend des Lebens 
unterbundenen Venen, theils durch hydraulische Versuche feststellte.” 

Ludwig also recognized that the effects of increase in capsular 
pressure due to such obstruction of the tubules would be to some extent 
neutralized by an increased pressure in the glomerular capillaries, owing 
to the reduction in the pressure gradient beyond the renal artery when 
the pressure in the vein is raised. 

Heidenhain, however, emphasized particularly the reduction in 
blood flow through the kidney, both when the venous pressure was raised 
and when the arterial pressure was lowered, and this induced him to 
attribute the resulting changes in the rate of formation of urine to changes 
in the velocity of the blood rather than to changes in hydrostatic pressure. 
Fig. 4, below, incidentally disproves this contention, since it shows that 
in suitable circumstances an increase of venous pressure which reduces 
the velocity of blood flow may produce no change, or even an increase, 
in the rate of urine formation. The observations of these and later 
authors on the effects of venous obstruction on the kidney have, however, 
been mainly qualitative. 

Now the venous pressure, like the arterial pressure and the ureter 
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pressure, is an external condition profoundly influencing the function of 
the kidney, and it seemed, therefore, that an analysis of its mode of 
action might reveal interesting properties of the organ. These pressures 
are all easily controlled and varied in the isolated mammalian muiney, 
and this preparation was chosen for the purpose. 

A likely alternative, or modification, to Lud wig’s hypothesis would 
involve an. appreciable influence of venous pressure on the activity of 
the tubular epithelium. With a view to detecting such an effect, if it 
existed, a condition of iricreased venous pressure was matched with a 
condition of reduced arterial pressure so that equal changes of urine flow 
were produced in a pair of isolated kidneys. If the secretory activity of 
the tubules were affected differently in the two — the resulting 


urines should have different compositions. 


TECHNIQUE, 

The two kidneys of a dog were excised and connected to the high- 
pressure section of a heart-lung circulation by means of cannule inserted 
into their arteries as described by Verney [1929]. The details of the 
procedure resembled those i in a previous series of experiments, Winton | 


1981). 


The pressure in one renal artery could be reduced below that in the 
other by tightening a screw clip on the rubber tube attached to its arterial 
cannula, and this reduction of pressure was measured by a differential 
mercury manometer interposed between the renal arterial cannule. 

The pressure in the renal vein may be taken as atmospheric in the 
ordinary types of heart-lung-kidney preparation, for the venous blood 
is discharged freely from its cut end, and particular care is exercised to 
prevent fortuitous obstruction to the flow. To enable the venous pressure 
to be raised, one vein was cannulated with a short glass tube, with as 


wide a neck as could be insinuated into the vein of any particular kidney. 


Although no effects on the rates of urine secretion or perfusion flow could 
be detected as a result of this operation, it was delayed until after the 
re-establishment of urine flow following the inhibition associated with 
transference of the kidney to the new circulation, but it preceded the 
test period before the venous pressure was raised. Increase of the 
pressure was brought about by connecting the cannula to a long rubber 
tube, from the free end of which the venous blood spilt into a funnel. 
The height of this free end above the hilus of the kidney was taken as a 
measure of the venous pressure; it may be noted that, although pre- 
cautions were taken to minimize viscous resistance of the flow, some 
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degree of obstruction is inevitable, and in the later experiments the level 


of outflow corresponding with collapse of the vein was taken as the zero 
from which the venous pressure was measured. 

The perfusion fluid was defibrinated blood, and its abe of flow 
through each kidney was determined by timing the interval necessary 
to collect 50:c.c. of fluid emerging from the renal vein. 14-2 g. urea was 
added to the blood (about 800 c.c.) at the beginning of each experiment, 
and in a few experiments post-pituitary extract was added during the — 
course of the experiment, without consequences, significant to this 


- research, other than an increase of chloride concentration in the urine to 


a value which was convenient for accurate estimation. 
Temperatures in the renal arterial cannulw varied from 36: 55° to 
38° C. in different experiments, but were maintained within 0-5° C. in. 


. any one experiment. 


. The concentration of urea in the urine was estimated by the urease 
method, and that of chlorides by the technique described by Millard 
Smith [1921]. The order of the amount of protein in the urine was 
indicated by comparison of the opacity with various dilutions of plasma, 
after precipitation with trichlor-acetic acid. 


THE EFFECTS OF INCREASE OF VENOUS PRESSURE ON 
THE URINE FLOW. 


The mean of the figures obtained shows that a rise of 20 mm. Hg 
in the venous pressure is needed if a reduction of urine flow of about 
30 p.c. is to be achieved. The pressure has a relatively critical value 
in any one experiment, for if it is 4~5 mm. less than this value, no effect 
on the urine flow is observed, whereas if it exceeds the value by a similar 
amount the flow is abolished. This steeply graded relation between venous 
pressure and urine flow may be~contrasted with the more progressive 
influence of change in arterial pressure. It may be remarked that the 
curious insensitivity of the urine flow to obstruction of either vein or 
ureter, not exceeding about 10 mm. Hg, probably results in an inde- 
pendence between the urine secretion in an intact animal and the 
variations of pressure in these tubes which occur under normal conditions. 

The magnitude of this critical value of the venous pressure is inti- 


_ mately dependent on the arterial pressure, an increment in the former 


corresponding more nearly with the absolute increment in the latter than 

with its percentage increase. When, therefore, a kidney is secreting urine 

at a decreased rate in consequence of an increased venous pressure, @ 

small variation of arterial pressure produces a disproportionately great 
| | 4—2 
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variation of the urine flow—a consideration which lays some of the 
conclusions, derived from earlier experiments in this field, open to 
criticism. 

The absolute value of the increase of venous pressure always exceeds 
that of the equivalent decrease of arterial pressure, when these two 
factors are adjusted to secure equal reductions of urine flow, either 
simultaneously on a pair of kidneys, or successively on a single kidney. 
This excess of venous pressure increase over the corresponding arterial 
pressure decrease is usually of the order of 40 p.c. as shown in Table I. 


Tanta lL Values in a series of different experiments, in each of which the urine flow had 


been reduced equally by (1) an increase of venous pressure, and (2) a decrease of 


. Blood flow 
Absolute A, of of Ver — 
te enous 

pressure pressure Ratio raised: F,, lowered: F,, Ratio 
Exp, mmHg mmHg A,/A, ccj/min. oc/min. F,/F, 
VI 105 16 13 1-2 85 93 1-10 
IX 107 19 15 1-3 39 43 1:10 
It 118 12 10 1-2 119 122 1 
XIV 120 24 15 1-6 lll 120 1-08 
IV 120 22 | 1-3 91 100 1:10 
XI 120 24 16 1-5 109 129 1:18 
XV 130 26 18 1-4 114 119 1-04 
It 140 28 12 2-3 


THE EFFECTS OF INCREASED VENOUS PRESSURE ON THE BLOOD FLOW 
THROUGH THE KIDNEY. 


Increase of venous pressure, sufficient to produce a reduction of urine 
flow equal in amount to that produced by a decrease of arterial pressure, 
always results in a greater diminution of blood flow than does the 
corresponding change in arterial pressure. This is shown as a comparison 
of the consequences of successive disturbances of the circulation of a 
single kidney in Fig. 1, and of simultaneous interference with each of a 
pair of kidneys in Fig. 2. 

Table I shows the excess of the reduction of blood flow due to the 
increase of venous pressure in a number of other experiments. When 
the blood flows in these experiments are analysed more carefully, taking 
into consideration the small differences between the two kidneys before 
the pressure changes are applied, the relative influence of venous 


obstruction appears rather more marked. The percentage change in 


blood flow appears to be of the same order as the percentage change in 
pressure head produced by venous obstruction. The percentage change 
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in blood flow due to reduction of arterial pressure, — is rather less 
than the percentage change in the pressure head. 

Although the means of the values obtained in ‘lai experiments 
justify these conclusions quite clearly, details of their derivation are not 


Venous pressure Arterial 
Increase 24 mm. Hg Decrease 15 mm. Hg 


Time (min.) 


Fig. 1. shi cuit ictal The kidney was subjected first to an increase 


of venous pressure, and later to a decrease of arterial pressure, the values of these 
pressure changes being so chosen that equal reductions of urine flow resulted. 

The curves show (1) that to achieve this, the change in venous pressure must — 
exceed the change in arterial pressure, (2) that the different pressure changes produced 
approximately equal changes in the urea concentration, (3) that the venous obstruction 
reduced the blood flow more than did the reduction in arterial pressure, and (4) that 
transient outburst of urine flow occasionally follows immediately after » reduction 
of the venous pressure. 


considered worthy of publication, partly on account of the large variations 
in the different individual experiments, and partly because the particular 
pressure changes chosen yield only one of the series of values relating 
pressure and blood flow which can be more satisfactorily elicited in an 


experiment on a single kidney. Preliminary experiments of the latter 
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kind point to the same conclusions, and it is in anticipatory confirmation 
of these that the above results are put on record. 
_ The experiment represented in Fig. 3 was complicated by anatomical 


Venous pressure increase 
20 BLOOD 
PRESSURE 


(mm. Hg) pressure decrease 


| 
PERFUSION 
OOD 
FLOW 

5 


(g- per 100 c.c.) ~ 
SODIUM CHLORIDE = 


350 
in Urine 


/ 


| 
60 90 120 
Time (min.) 
Fig. 2. Heart-lung-double-kidney preparation. The broken lines represent the kidney 
subjected to venous obstruction, the continuous lines represent the other kidney 
subjected to a decrease of arterial pressure so chosen as to produce the same reduction 
in the urine flow. 

The curves illustrate (1) that the venous pressure change exceeds the equivalent 
change in the arterial pressure, (2) that the venous pressure reduces the blood flow 
more than does the equivalent decrease in arterial pressure, (3) that a reversible 
production of protein in the urine is associated with venous obstruction in certain of 
these experiments (the amounts of protein shown are only approximate), and (4) that 
the chloride concentration is the same in the urines secreted under the two different 
conditions of pressure, 


abnormalities of the renal arteries, such that only one branch of each 
artery could be cannulated. Early in the experiment the values of the 
urine flow and blood flow corresponding to one kidney exceeded those 
for the other kidney, owing to a difference in the proportion of each 
kidney which was being perfused ; a suitable reduction of arterial pressure 
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in the supply to the former kidney only, secured equality of blood flow, 
urine flow, and the composition of the urine secreted by the two kidneys; 


BLOOD Art. pressure decrease | 
20}- PRESSURE = 
CHANGES Venous pressure 4 


Time (min.) 

Fig. 3. Heart-lung-double-kidney preparation, in which one branch only of each renal 
artery was cannulated. The rates of urine flow of the active portions of the two kidneys _ 
were first made equal by reducing the arterial pressure of the organ secreting at the 
higher rate. On the basis of this equivalence, a further reduction in arterial pressure 
of one, and an increase of venous pressure of the other, kidney were applied so as 
to produce equal reductions in the urine flow. 

The curves show that the same relations as those mentioned under Figs. 1 and 2 
obtain even when the tense condition of the kidney and the stretching of its capsule, 
which normally accompany venous obstruction, are prevented by leaving about one- 
half of the kidney substance without blood supply. The broken lines represent the 
kidney subjected to changes in venous pressure, the continuous lines that subjected 
to variation of arterial pressure. 


on the basis of this equality, subsequent changes of arterial and venous 
pressures produced their characteristic relative effects. This experiment 
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is of particular interest owing to the absence in the kidney of the tense 
condition and stretch of the capsule which usually occurs when the 
venous pressure is raised. These factors can therefore be eliminated when 
the mode of action of the raised venous pressure is under consideration. 

Even the relatively greater influence of venous pressuré‘on the blood 
flow does not result in a reduction sufficient to justify a suspicion of 
significant anoxemia of the kidney. In the circumstances of these 
experiments a 50 p.c. decrease of urine flow induced by increase of venous 
pressure may be associated with 10-15 p.c. decrease of blood flow. In the 
isolated kidney, perfusion with defibrinated blood is at about double the 
rate of the normal blood flow through the kidney in situ, and it has been 
shown by Cruickshank and Takeuchi [1925] that even in'the latter 
circumstances the blood flow can be reduced to 60 p.c. before the 
oxygen consumption of the kidney is reduced. That anoxemia is a factor 
contributing to the consequences of increased venous pressure is also 


rendered unlikely by the observation of the colour of the blood emerging 


from the renal venous cannula, for it is invariably scarlet. 


THE EFFECTS OF INCREASED VENOUS PRESSURE ON THE COMPOSITION 
OF THE URINE. 


. Chinese in the venous and arterial pressures, , which produce equal 

reductions of urine flow, also produce equal increases of the concentration 
of urea. This is shown in the single-kidney preparation in Fig. 1, and in 
the double-kidney preparation in Fig. 3. Confirmation may be found in 
the summary of the double-kidney experiments in Table IT. 

Tasxx II. ‘The composition of the urine in a series of heart-lung-double-kidney experiments 
in which the rates of its secretion had been reduced to equal values by (1) an increase 
of venous pressure, and (2) a decrease in arterial pressure. The upper of each pair of 


NaCl differences 

Exp. ¢.¢.) “(100 (mm, Hg) 
Ii 10 0-86 0-22 +12 
1-0 0-23 -10 
IV 1-5 0-91 0-32 +22 
0-92 0:30 - -17 

VI 1-5 2-16 0-54 +16 
16 2-16 0-49 1B 
1-2 0-69 | 
XV 1-7 0-19 +31 
16 OM 0-32 

XVII 1-1 224 0-36 +26 
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_ When equal rates of urine flow are secured in a pair of kidneys, under 
the influence of the two changes in circulation pressure mentioned above, 
the concentrations of chloride are the same, as shown in Fig. 2 and 
Table II. This conclusion with regard to chloride can, however, not be 
asserted with quite the same confidence as that in respect of urea, since 
the chloride concentration in the urine secreted by pairs of isolated 
kidneys does not undergo quite such accurately parallel variations (cf. 
Canny, Verney and Winton [1930)). 

In three experiments in which the urines were practically protein- 
free, protein appeared in the urine secreted under the influence of 
increased venous pressure, and disappeared when this pressure was 
reduced (Fig. 2). In each experiment the maximum protein concen- 
tration was of the order of 0-5 p.c. The rate of its appearance after 


the rise, and disappearance after the fall, of venous pressure was not 


inconsistent with an hypothesis that it is secreted at a constant rate 
immediately on raising the pressure, and that its secretion ceases im- 
mediately off lowering it. There was evidence neither of a progressive 
effect of a prolonged (one hour) rise of pressure, nor of delay in the 
recovery from its effects. In certain other experiments no protein was 
observed in the urine secreted during venous obstruction. Its source has 
not been discovered, and the matter requires further investigation. 


_ ‘THE MODE OF ACTION OF INCREASED VENOUS PRESSURE. 
The foregoing experiments show that when the urine flow is retarded 


by imcreased venous pressure, the changes in the urea and chloride 


concentrations are the same as those following a decrease in arterial 
pressure, sufficient to retard the urine flow to the same value. In a 
previous communication [1931] it was shown that when there is such 
a resemblance in the changes in the water, urea, and chloride contents 


_ Of urines secreted under two sets of conditions, it may be inferred that 


the conditions of the production and modification of the fluid from the 
glomeruli to the distal ends of the tubules are the same. Consequently 
the difference of pressure between the glomeruli and the distal ends of 
the tubules is the same, whether a particular reduction of urine flow is 
produced by an increase of venous pressure or by a decrease of arterial 
pressure. 

Now a reduction of arterial pressure presumably reduces the gl omerular 
pressure; this will be confirmed and given precision in a future paper. 
Thus, diminution of arterial pressure diminishes the pressure difference 
between the glomerulus and the ‘distal end of the tubule. It may be 
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inferred, therefore, that an increase of venous pressure also decreases 
this pressure difference. 

This may be brought about in one of two ways. An increase of venous 
pressure must either reduce the glomerular pressure, or increase the back 
pressure in the distal ends of the tubules. 

The first possibility does not conform with any simple hydrodynamical 
explanation; to effect a reduction in the glomerular pressure, the increase 
of venous pressure would have to initiate a complex redistribution of 
resistance in the renal circulation which would almost certainly involve 
the intervention of a nervous mechanism. This is rendered unlikely by 
the rather regular relation between the values of the changes in venous 
pressure and arterial pressure disclosed in Table I; moreover, such an 
ad hoc hypothesis can be justified by no ancillary evidence, and it may 


‘ therefore be rejected. 


The second possibility immediately recalls the suggestion due to the 
histological observations of Ludwig, that increase of venous pressure 
distends the venules surrounding the distal ends of the tubules so that 
the lumen of the tubule is obliterated until the pressure of the fluid within 
it exceeds that in the vein. Qualitative support for this view may be 
drawn from a number of sources. For example, the relation between the 
venous pressure and the urine flow closely resembles that between the 
ureter pressure and the urine flow, in that either form of obstruction has 
little effect during the first 10 mm. or so,. whereas a further rise in 
pressure produces a steeply graded decline in the output of urine. Ureter 
obstruction, like venous obstruction, produces the same changes in the 
composition of the urine as those due to an equivalent reduction in 
arterial pressure [Winton, 1931]. Again, an outburst of urine after a 
reduction of venous pressure may occasionally be observed, and is 
illustrated in Fig. 1. 

The hypothesis can, however, be put to a more crucial test, for it 
involves as a necessary consequence that a variation of the ureter 
pressure, in a kidney in which the venous outflow is already obstructed, 
should produce no change of urine flow unless the ureter pressure exceeds 
the venous pressure. This expectation is fulfilled, as illustrated in part 
by Fig. 4. In this experiment, a change in ureter pressure, sufficient to 
produce a marked effect on the urine flow (cf. C and D) when the venous 
outflow was unimpeded, produced no change in urine flow when the 
venous pressure was raised (cf. A and B; or G and H). | 

When considering the relations between the pressures in the ureter 
and vein, the further question arises, what is the effect of varying the 
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Fig. 4. Heart-lung-single-kidney preparation. The kidney was subjected to increases of 
ureter pressure (broken line) and increases of venous pressure (continuous line) of 
about the same value, so as to demonstrate the mutual relations between these and 
the urine flow and blood flow. 

The curves show (1) the decrease of both urine flow and blood flow due to the 
venous’ pressure alone (cf. C with B and H), (2) the decrease of urine flow unaccom- 
panied by appreciable change of blood flow due to ureter pressure alone (cf. C with D 
and F), (3) the absence of effects of change of ureter pressure when the venous pressure 
has previously been raised and is kept so (cf. A with B, and G with H), and (4) the 
increase of urine flow accompanying a decrease of blood flow produced by the increase 
of venous pressure (at HZ and @) when the ureter pressure has previously been raised 
and is kept so. 

In this experiment so many changes are compressed into a short time that the 
transient effects immediately following the pressure changes affect some of the values 
(e.g. the urine flow early in the period Z). Qualitatively the same relations hold, how- 
_ ever, in more leisurely experiments, though not all of them can then be demonstrated 
in any one experiment, 
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venous pressure in a kidney in which the ureter is already partly ob- 
structed? In the experiment represented in Fig. 4 for example, @ venous 
pressure, sufficient to produce a marked effect on the urine flow and 
blood flow (cf. B and C) when the outflow of urine was unimpeded, was 
applied at A, Z and @ during periods of partial ureteral obstruction. 
If the urine flows at A, Z and G be compared with those at D and F, it 


_ will be seen, in spite of the slowly declining baseline of urine flow, that — 


the former are rather larger than the latter. That is, when the ureter 
pressure is already raised, an increase of venous pressure to about the 
same value increases the urine flow instead of decreasing it. 

We come, therefore, to the paradoxical conclusion that the simul- 
taneous application of two stimuli produces the same or rather smaller 
an effect than the application of either one of them. This conclusion 
follows, however, quite naturally from our hypothesis, if we take into 
consideration the effects of venous pressure, not only in obstructing the 
distal portions of the tubules, but also in obstructing the outflow of blood 
and thereby raising the blood-pressure to some unknown extent at every 
point in the circulation of the kidney. In this way, an increase of venous 
pressure will result in a small increase of glomerular pressure, and this 
will tend to increase the urine flow and so to neutralize a part of the 
effect of the obstruction in the distal part of the tubules. Such an 
explanation completely accounts for the mutual relations between venous 
and ureter pressures and the urine flow and blood flow which are indicated 
in the observations described above. 


ConoLustons. 
The vibe of the influence of venous obstruction on the lothintion 


of urine has led to the identification of two factors tending to produce 


changes in opposite directions: (1) the pressure in the vein is transmitted 
to the fluid in the distal portions of the tubules, and so retards the 
secretion of urine in the same way and to the same extent as does the 
same pressure applied to the ureter, and (2) a fraction of the pressure in 


the vein is transmitted back along the blood vessels of the kidney and ~ 


raises the pressure in the glomerular capillaries, and so accelerates the 
secretion of urine in the same way as does a small increase of arterial 


pressure. The increment in the glomerular pressure, subtracted from the 


total increase of venous pressure, should therefore yield a pressure which 
when applied to the ureter (the vein being unobstructed) would induce 
the same reduction of urine flow as that due to application of the venous 
pressure (the ureter being unobstructed). In other words, the values of 
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venous pressure and ureter pressure which, when applied one at a time, 
will reduce the urine flow equally, differ by an amount which is a measure 
of the increase of glomerular pressure consequent upon the venous 
obstruction. The application of this conclusion to the measurement of 

the absolute ——- pressure will be considered in a future paper. _ 


SuMMaRY, 

1. In the teclated kidney of the dog, an increase of venous pressure 
_ and a decrease of arterial pressure, if chosen so as to retard the urine 
flow equally, produce the same changes in the urea and chloride con- 
centrations in the urine. This is taken as evidence that venous obstruction 
produces no appreciable influence on the activity of the tubules. In 
certain experiments protein appears in the urine during the — of 
venous obstruction and disappears thereafter. 

2. When the changes of venous and arterial pressures produce equal 
retardation of the urine flow, the change of venous pressure always 
exceeds that of arterial pressure. The value of the venous pressure needed 
to produce a given change in the urine flow varies with the arterial pressure 
applied to the same kidney. 

3. The blood flow through the kidney is reduced more by an increase 
of venous pressure than by such an equivalent decrease in arterial 
pressure; it is probably reduced more by an increase of venous pressure 
(sufficient to reduce the urine flow considerably) than by a decrease of 
arterial pressure equal in amount to the venous pressure. 

4. When the venous pressure is raised, and kept so, a subsequent 
increase in ureter pressure has no effect on the urine flow or blood flow 
unless the ureter pressure exceeds the venous pressure. When the ureter 
pressure is raised and kept so, a subsequent i increase in venous pressure 
to about the same value sta eon an increase in urine flow and a decrease 
in blood flow. 

5. The mechanism whereby venous obstruction retards the formation 
of urine is described in the “conclusions” above. 


I am happy to acknowledge the generous help and advice received 
from Prof. E. B. Verney at all stages of this enquiry. 
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THE EFFECTS OF CGESTRIN ON THE 
PSEUDO-PREGNANT MOUSE. 


By RUTH DEANESLY, B.A., Pu.D. 


(Department of Anatomy and Embryology, University College, 
London.) 


INTRODUCTION. 


tn the mouse sterile copulation prolongs the dicestrous cycle between two 
ovulations from 5-6 to about 11 days [Parkes, 1926]. The corpora lutea 
of pseudo-pregnancy developing under these conditions become functional 
[Parkes, 1929]; in sections they are distinguishable from those of the 
unmated cycle by their cell size, their fat and lipoid cell inclusions and 
the development of the vascular network [Deanesly, 1930 a, }). 

The present experiments were designed to test the reactions of these 
— lutea to injections of cestrin. 


MATERIAL AND TECHNIQUE, 


The mice used were albino females and vasectomized males from the 
colony maintained at University College. The normal length of the cycle 
of pseudo-pregnancy was tested in twenty-two of the females before 
cestrin injection; the results obtained with these mice showed approxi- 
mately the same variation as those from untested animals. (strus was 
determined by the occurrence of vaginal cornification or copulation. 
Vaginal smears were taken once a day before injections were begun and 
twice a day at the time of injection and subsequently. 

The cestrin, for which I am indebted to Dr Marrian, was prepared 
from the urine of pregnancy by a method which he has described [1929]; 
the crystalline product obtained is free from anterior pituitary hormone. — 
Aqueous solutions of cstrin were injected subcutaneously, as in the 
method used for assay, each mouse receiving four equal doses at 12-hour 
intervals, or in a few cases less than four, no further cestrin being given 
after the mice came into oestrus. For examination of the ovaries mice 


were killed either when they had come into cestrus or within 48 hours 
after the last injection. 
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Ovaries were dissected free of fat and fixed, one in Flemming’s fluid 
with acetic acid for 24 hours, the other according to Ciaccio’s method. 
Complete serial sections at 7 1 were made of the first ovary, but the other 
was only cut in a few cases for corroboration. Sections of material fixed 
in Flemming were mounted unstained in Farrant’s glycerine medium to 
show the osmicated fats, or treated with turpentine to remove them and 
then stained with iron hematoxylin. 

As before [Deanesly, 1930 a] an expression of the size of the corpora 
lutea. belonging to a single ovulation was reached by measuring two 
diameters at right angles across each corpus luteum at its maximum area 

in section ; the mean diameter of the group was obtained by averaging these — 
- measurements. With a standardized histological technique this method 
has been found to give satisfactory data for comparative purposes. 

Corpora lutea from the experimental series were compared directly 
with normal ones of the same age by means of a Reichert microscope 
fitting, which enables slides under two similar microscopes - be focused 
into the same field. 


PSEUDO-PREGNANCY IN THE NORMAL MOUSE, 


Parkes [1926] gives the length of the cycle in the mouse after sterile 
copulation as 7-14 days, with an average of 11 days; his data consist of 
twenty-four cycles observed in three mice. As a control to the present 
experiments it was thought necessary to examine the pseudo-pregnant 
cycles in a larger number of mice, so as to determine the extent of normal 
variation. One hundred cycles were recorded from a total of forty female 
mice mated to vasectomized males; the table below shows the — 
of short and long cycles: 


I. 
of No. of of No. of 
cycle in days cycles cycle in days cycles 

4 2 13 

5 2 12 19 

6 4 13 18 

7 3 14 17 

15 7 

9 2 16 4 

10 3 17 2 
Under 11 days...... 20. Over 11 days....... 80 


The average length of the cycle in these mice is 11-9 days, and 20 p.c. 
of the cycles are of less than 11 days. Two-thirds fall between 11 and 
14 days. It may be inferred that at least half of the short cycles were due 
to failure to ovulate at the time of copulation; the next cestrus was not 
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postponed owing to the absence of functional corpora lutea. In a previous 
group of normal ovaries from forty mice, four cases of non-ovulation at 
cestrus were found. In the present series, histological examination showed 
absence of ovulation in a mouse which came into cstrus 6 days after 
sterile copulation. In another mouse, however, which was in pro-cestrus 
4 days after sterile copulation, the ovaries showed very small recent 
corpora lutea containing much osmicated fat. These had apparently 
lacked the normal stimulus to growth and never became functional. Such 
occasional failure of the corpora lutea to attain full development probably 
accounts for some of the short cycles observed, but there is no evidence 
that it is common. Saccessive cycles in a single mouse may be different 
_in length by as much as 4 to 6 days. 

A series of normal corpora lutea of ‘pseudo-pregnancy have been 
described elsewhere [Deanesly, 1930 a]; these served as controls in the 
present work, with the addition of ovaries from two more mice, making a 
total of eleven. In this paper mice are dated from the night of copulation, 
and not, as before, from the finding of the vaginal plug in the morning. 
Thus a mouse is described as 2 days pseudo-pregnant about 10 p.m. on 
the day after the discovery of the plug; the corresponding corpora lutea 
are similarly described as 2 days old, though actually this is an over- 
estimate by a few hours. According to the dating of the previous paper 
[Deanesly, 1930 a] such a mouse would be 1} days pseudo-pregnant. — 

The control series consisted of mice killed 4 to 16 days after sterile 
copulation; in the last two a fresh ovulation had taken place. Two mice 
were killed at 44 days pseudo-pregnant and two at 64 days pseudo- 
pregnant; the ovaries from similar mice corresponded. The corpora lutea 
attain their full size 6 days after copulation or sometimes earlier; their 
mean diameter in section is then 670-720, 10-20 p.c. larger than that 
of corpora lutea of ovulation. Osmicated fat and lipoids are found in the 
lutein cells 6} days after copulation and 3 days later they may be abund- 
ant. After the next cestrus the lutein cells appear shrunken and loaded 
with osmicated fat—histological indications of their functional degenera- 
tion. At this stage the corpora lutea of pseudo-pregnancy naturally tend 
to lose their distinctive characteristics. 


THE EFFECT OF (&STRIN ON THE ACCESSORY ORGANS DURING 
PSEUDO-PREGNANCY. 
Table II shows the proportion of tests in which mice came on cestrus 
during pseudo-pregnancy not later than 48 hours after the last cestrin 
injection. It is doubtful, however, whether it gives a fair indication of 
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the number of positive results, since smearing once in 12 hours is in- 
sufficient to detect every experimental oestrous period. Some of the mice 
not included in the last column showed a change in their vaginal contents, 
but no clear cestrous condition. A large number of those which came on 
estrus copulated ; failure to do so may be attributed in some to the short- 
ness of the experimental cestrous period. 


Il. 


peeudo-pregnancy. 
Days 
Pe, (Estrin, Number on 

injection mouse unites No. of teste cestrus 
126 
3 10 6 5 
3 10 22* 8 
3 8 2 2 
3 4 9 ' 6 
4 6 1 
5 10 3 3 
5 5 1 l 
5 4 3 3 
5 3 1 1 
5 1-5 If 1 
6 6 1 : 
6 5 1 1 
6 4 7 4 
6 2 1 We: 

62 39 

+ Vaginal plug found 18 hours after the first injection. 


Grouping of the results indicates that positive results are produced 
in an equal proportion of mice whether the injections begin 2 to 3 days 
or 5 to 6 days after copulation. Injections of 4 units of cestrin begun at 
3 days pseudo-pregnant caused cestrus in six out of nine mice, and begun 
at 5 or 6 days pseudo-pregnant, in seven out of ten mice. Further, no 
correlation can be traced between the proportion of mice coming into 
cestrus and the amount of cestrin given, up to 10 units per head. 

Most of the mice were killed 12 to 36 hours after the experimental 
cestrus, but some were killed on cestrus—seven when the vaginal smear 
was cornified, and five when the plug was found. In some of these the 
uterus showed a slight dilatation and congestion, but the full cestrous 
distension was never seen. Four of these mice, CP 5, 23, 27 and SHM 14, 
had ovulated (Table IV), and contained very young corpora lutea. In 
two others the corpora lutea from the first copulation resembled corpora 
lutea of ovulation. Nevertheless, the absence of the characteristic uterine 
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reaction indicates clearly that these cestrous periods were not normal 
ones, but due to the injections. | 


THE EFFECT OF @STRIN ON THE OVARY DURING PSEUDO-PREGNANCY. 


Table III shows the number of mice killed after cestrin injection, with 
he details of dosage. In includes a group of twenty-two mice in which 


Taste III. Effect of wstrin on ovary during peeudo-pregnancy. 


Da 
do-pregnancy lutea like 
pregnant those of 
first  Cstrin Mice Cstrus Ovula- Degene- unmated 
injection units injected periods tions Normal rate cycle 
2 30 1 l 1 
2 15 | 1 1 
2 10 1 _ | 
24 12-5 1 1 1 
3 10 22* 8 2 10 ll l 
3 6 5 2 4 1 
3 4 5 5 Batts 2 1 2 
4 6 1 i 
5 10 3 3 1 1 2 — 
5 1 1 — 1 
5 4 2 2 1 1 1 — 
5 3 | 1 1 
5 15 1 1 1 
6 5 1 1 
49 33 8 24 20 5 


Ba: Mice whose pseudo-pregnant cycles had been previously tested. 


the length of the cycle after sterile copulation had been previously tested ; 
sixty cycles were observed in these mice of which only four were of less _ 
than 11 days; their average length was 12-6 days. All but seven of the © 
mice in the table were killed not later than 7 days after copulation 
(within 48 hours after the last injection), in order to avoid comparison 
with older corpora lutea of normal pseudo-pregnancy which show a heavy 
accumulation of osmicated fats and lipoids, 

The ovaries were examined in complete serial sections; in all cases the 
recent corpora lutea were measured and compared with similar sections 
of normal corpora lutea of pseudo-pregnancy at the same age, in respect 
of their mean diameter, cell size, cell inclusions and vascularization, as 
illustrated in an earlier paper [Deanesly, 1930a]. Corpora lutea 
showing a marked difference from the controls were also compared with 

older normal corpora lutea of pseudo-pregnancy and ovulation. Three 
mice apparently failed to ovulate at the time of the original copulation 
and were excluded, The remainder could be divided into three groups: 


tan 
~ 
Bt. 
AY 
x 
ry 
= 
a 
¥ 


GiSTRIN IN PSBUDO-PREGNANCY. 67 


(I) In twenty-four mice of the experimental series corpora lutea. of 
pseudo-pregnancy were found which did not differ appreciably. from 
their normal controls; at death, they appeared red on the surface 
of the ovaries. In many cases the mice to which these belonged had 
come on oestrus after injection; in two of them a fresh ovulation had 
occurred, 

(II) In twenty mice the corpora lutea of pseudo-pregnancy (listed as 
degenerate in the table), contained an excessive amount of osmicated fat 
by comparison with the corresponding normal series, They resembled 
corpora lutea towards the end of pseudo-pregnancy, and many appeared | 
as white masses on the ovaries at the time of death—an indication of 
the collapse of their vascular supply such as occurs at the end of the 
functional period. In thirteen mice the corpora lutea were abnormally 
small, The decrease was due not only to smaller lutein cells, but also to 
contraction of the vascular spaces, the two causes acting on the corpora 
lutea of different ovaries to a varying extent, In some the lutein cells 
were obviously shrunken and degenerate, as after the end of a normal 
pseudo-pregnant cycle; in others these cells appeared intact, but not of 
full size; in others again the cell size seemed normal, but the mean dia- 
meter of the corpora lutea was small owing to contraction. The amount 
of osmicated fat varied, but in the corpora lutea of all twenty mice it was 
markedly above the normal, and in some it was very heavy and formed 
large globules. 

In one mouse which received 10 units of cestrin, beginning at 3 days 
pseudo-pregnant, and which came into pro-cestrus at the time of the last 
injection, and was still in pro-cestrus when killed 24 hours later (54 days 
pseudo-pregnant), the corpora lutea showed abnormal fat accumulation, 
but this had not yet spread to their innermost regions. Such a “‘transi- 
. tional” fatty condition is found in normal corpora lutea, both of the 
mouse and rat, towards the end of the cycle. Several follicles in this 
mouse had reached pro-cestrous size, and fat and lipoid granules had 
accumulated in their granulosa, so that there seems no doubt that an 
ovulation would have taken place had the animal lived for another 
24 hours [Deanesly, 1930 5). 

(III) In five ovaries the corpora lutea resembled those of the unmated 
cycle rather than corpora lutea of pseudo-pregnancy; ; they were shrunken 
and fatty and appeared white at the time of death. Their mean diameters 
_ ranged from 472 to 634. Itis uncertain whether these abnormal corpora 
lutea should be regarded as caused by the cestrin, since they are found 
only in five mice, and in normal animals corpora lutea of pseudo-pregnancy 
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may fail to develop or to reach their full size. Fresh ovulations occurred 
in two of these mice. 

If this last group (III) be provisionally excluded, then out of forty- 
four injected mice twenty had corpora lutea of pseudo-pregnancy with 
histological signs of degeneration at a time after copulation when those 
of the normal series are still apparently functional, showing no decrease 
from their maximum size, and only a moderate amount of osmicated fat 
in their lutein cells. It is clear from the numbers that the degenerate 
corpora lutea cannot be attributed to variations in the length of the 
pseudo-pregnant dicestrus. Among the twenty-two mice which had ex- 
perienced regular cycles of pseudo-pregnancy prior to injection, the 
proportion with fatty corpora lutea is not significantly different from 
that among the other mice in the table. An experimental cstrus was 
not detected in all the mice with affected corpora lutea. The extent 
of degenerative change varies in different ovaries and cannot be corre- 
lated either with the amount of cestrin injected, or with the time at which 
the mice were killed. Eighteen mice all received 10 units of cestrin at 
3 days pseudo-pregnant and were killed at 6} days pseudo-pregnant; 
their ovaries showed as much variation as those in the rest of the table. 
The degenerative changes might perhaps have been accentuated in some 
mice had they not been killed earlier than 48 hours after the last in- 
jection, but at 12 hours from the last injection or even before, the corpus 

luteum may show a well-marked reaction. CP 23 had three injections 
each of 1 unit of cestrin beginning on the fifth day of pseudo-pregnancy ; 
12 hours later the vaginal plug was found, and the mouse was killed, then 
64 days pseudo-pregnant. In the ovary were corpora lutea of pseudo- 
pregnancy, slightly below the normal size, containing much osmicated 
fat, together with a new corpus luteum, about 8 hours old (Table IV). 
This was one of eight cases in which a fresh ovulation took place at the 


Taste IV. Ovulation at the experimental wstrus. 


pseudo- Days Age of diameters of 
pseudo- new corpora lu 
Estrin at first lutea of first copula- 

units injection at (hours) tion () 
12-5 24 8 550 
10 3 24 560 
10 3 6 48 570 
10 3 30-36 634 
10 3 6-8 604 

3 5 8 635 
10 5 7 36 686 

4 5 8 724 
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time of the experimental cestrus, resulting in the formation of normal 
corpora lutea. Details are given in Table IV which show the mean 
diameter of the corpora lutea dating from the first copulation together 
with the approximate age of the new ones; in all these the time of ovula- 
tion corresponded, as far as could be estimated, with that of vaginal 
cornification or copulation. In CP 13, however, neither copulation, nor 
@ pure cestrous smear was detected. 

The Fallopian tubes of CP 12 and CP 23 were sectioned; both con- 


tained apparently normal ova; in CP 12 there was a two-cell stage. This 


mouse was probably mated with a normal male at the time of the experi- 
mental oestrus. 

In SHM 21 and CP 1 the shrunken corpora lutea of the first ovulation 
resemble those at the end of an unmated cycle rather than corpora lutea 
of pseudo-pregnancy; they contain irregular osmicated fat granulations 
but not in great abundance. The new corpora lutea are well developed in 
both these ovaries, so that their predecessors may have passed rapidly 
through the degenerative stage of accumulating fat and have begun to 
lose it from their cells. 

The ovaries of CP 12 and CP 27 contain normal corpora lutea of 
pseudo-pregnancy adjacent to developing ones resulting from the fresh 
ovulation. Those of CP 12 contain very little osmicated fat (rather less — 
than in the corresponding controls), and from their appearance would be 
regarded as functionally active; those of CP 27 contain rather more fat, 
but do not differ appreciably from the same stage in the normal series. 

In the other mice in Table IV the corpora lutea of the original copula- 
tion are distinctly more fatty than their controls; CP 5, 13 and 23 show 
fat accumulation corresponding to about 8 days pseudo-pregnant, though 
killed between 44 and 6} days after copulation ; SHM 14 resembles the 
post-ovulation stage of - normal series. All these corpora lutea have 
a small mean 


INJECTION OF LARGER DOSES OF G@STRIN DURING PSEUDO-PREGNANCY. 


Three mice received larger doses of cestrin during pseudo-pregnancy : 
CP 11 was given 100 units in 36 hours, injections beginning at 3 days — 
pseudo-pregnant. No pure cornified smear was obtained. The mouse was 
killed 48 hours after the last injection at 64 days pseudo-pregnant. The 
ovaries contained small corpora lutea of pseudo-pregnancy having a mean ~ 
diameter of 543 1; the osmicated fat in the lutein cells resembled that in 
the control. Apparently the cestrin had interfered with the normal growth 
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of these corpora lutea, but it had not stimulated any fresh ovulation; 
the follicles had remained small. 

OP 15 also received 100 units of cestrin, but injections did not begin 
till the fifth day of pseudo-pregnancy. All smears contained abundant 
leucocytes, but the uterus was partially inflated at the time of death, 
32 hours after the last injection, the mouse being nearly 8 days pseudo- 
pregnant. The corpora lutea, which appeared red, were of normal size, 
but contained abundant quantities of osmicated fat, uniformly dis- 
tributed, in the lutein cells. Several follicles were pro-cestrous in size and 
appearance. 


CP 18 600 -besinaina at the fifth day of 


pseudo-pregnancy; the vaginal plug was found at the time of the last 
injection and the mouse killed 12 hours later. A fresh ovulation had 
apparentiy taken place since the last injection—the ovary contained 
corpora lutea about 8 hours old together with two large corpora lutea of 
pseudo-pregnancy of the functional type, containing slightly less fat than 
the normal 7-day controls. The uterus was partially dilated. 


Discussion. 

The experimental results can be briefly summarized by stating that 
the injection of 3-10 mouse units of cestrin during the first half of pseudo- 
pregnancy led to vaginal cornification or copulation in about half the 
animals tested. The corpora lutea of pseudo-pregnancy, measured and 
examined in section after employment of fat and lipoid fixatives, showed 
histological signs of degeneration to a greater or less extent in approxi- 
mately the same proportion of injected mice, Either reaction might occur 
_ without the other. Including the mice which received larger amounts of 
cestrin, nine ovulated about the time of the experimental cestrus and two 
others contained late pro-cestrous follicles; in all but two doubtful cases, 
the ovaries contained characteristic corpora lutea of pseudo-pregnancy, 
dating from the original copulation; in three of the mice these corpora 
lutea appeared normal. Out of fifty-two mice killed after cestrin injection, 
nine ovulated, two contained pro-cestrous follicles, and — 
showed vaginal cornification or copulation. 


The inconstant length of the dicestrus of Oe ES in normal 


mice implies variation in the persistence of corpus luteum activity, so 

that differences in the reactions of pseudo-pregnant mice to cstrin 
injections might be anticipated. Variations in the corpora lutea, however, 
could hardly account for the occurrence of ovulation in some mice and 
not in others similarly treated, since (a) the decay of the corpus luteum 
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is not in itself sufficient to stimulate the next ovulation [Deanesly, 
1930 a], and (6) in three mice. where a fresh ovulation had taken place, 
the corpora lutea of pseudo-pregnancy, to judge from their histological 
appearance, seemed unaffected by the injections. 

Previous work throws very little light on these results, although the 
effect of injections of cestrin or similar extracts has been investigated in 
several animals under widely varying conditions; Parkes [1929] gives 
a number of references. Tests on castrated animals are naturally not 
comparable to the present experiments. 

Immature animals have been injected with the cestrus-producing 
hormone by several workers including Goormaghtigh [1929], 
Mahnert and Siegmund [1927] and Zondek and Aschheim [1926] 
using mice, Leonard, Meyer and Hisaw [1930] and Frank, Kingery 
and Gustavson [1925] using rats, Loeb and Kountz [19‘ 3] working 
with guinea-pigs and Lipschitz [1930] with cats. All these writers 
describe precocious cestrus following injections but, with the exception — 
of Frank (whose rats were approaching the age at which complete sexual 
maturity may occur), they find that ovulation does not occur. Loeb 
found follicular maturation followed by atresia in the immature guinea- 


pig. 

Steinach, Kun and Hollweg [1928], however, report ovulation in 
senile mice after injection of the cestrus-producing hormone. 

Goormaghtigh [1929] and Mahnert and Siegmund [1927] both 
found that continued daily injections of the same hormone into mature 
unmated mice caused irregularities in the cycle tending to its prolonga- 
tion but not to its obliteration; Goormaghtigh attributed these results 
(as compared with the persistent vaginal cornification caused by the 
hormone in immature mice) to interaction of the corpus luteum with the 
injected folliculin. Loeb and Kountz found that prolonged injections 
of “follicular substances” inhibited ovulation in the adult guinea-pig. 

Several workers have investigated the effect of the cestrus hormone © 
during pregnancy (references in Parkes [1929]), but none have described 
ovulation. Recently Parkes [1930] has obtained abortion as the result 
of repeated injections of water-soluble cestrin at short intervals into 
pregnant mice; 380 mouse units, given over 36 hours proved an effective 
dose. If these mice are killed within 24 hours after abortion their corpora 
lutea of pregnancy are shrunk<=. ..:d fatty in comparison with normal 
ones of the same age. It cannot be stated-at present whether this de- 
generation occurs as the direct result of the cestrin, and is the cause of the 
abortion or whether the cestrin, acting on the uterus, produces abortion 
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which affects the condition of the corpora lutea of pregnancy. Earlier 
experiments of Parkes and Bellerby [1927] (in which a different 
preparation of cstrin from the present one was used) showed that 
-cestrus and copulation could be induced experimentally in mice during 
the lactation diestrus 8 to 10 days after parturition; in these experi- 
ments ovulation was not found in the relatively small number of 
animals studied histologically. 

Thus the most striking difference between the present findings and 
those of most previous workers is the fact that ovulation may occur at 
the time of experimental cestrus. The variability of the results and the 
_ fact that an increase in the cestrin dosage does not always produce a more 
marked reaction, suggests that the cestrin may sometimes affect the ovary 
through stimulating the anterior lobe of the pituitary. Meyer and others 
[1930] report that injection of two rat units of cestrin daily to immature 
rats for 30 to 70 days decreases the gonad-stimulating power of their 
pituitaries when implanted into other immature animals. 

The absence of the full uterine reaction at cestrus may be due to the 
fact that more cestrin (in water soluble form) is required to stimulate the 
uterus than the vagina [Marrian and Parkes, 1930]. Alternatively, 
Goormaghtigh suggests that these lipoid-free preparations of cestrin do 
not contain all the properties of the original liquor folliculi or its _— 
derivatives. 

SuMMARY. 


- Three to 10 units of cestrin, injected over 36 hours during the first 
half of the pseudo-pregnancy dicstrus caused vaginal cornification and 
copulation in mice. The uterus was never found to be completely inflated. 
In about half the mice killed after injection there were marked changes 
in the corpora lutea of pseudo-pregnancy—accumulation of osmicated 
fat, often associated with shrinkage and vascular collapse. A fresh 
ovulation, leading to the formation of normal corpora lutea, occurred in 
a number of mice at the time of the experimental cestrus. The results as 
a whole showed considerable variability. 


I wish to express my thanks to Prof. J. P. Hill, F.R.S., in whose 
department the work was carried out, and to Dr A. 8. Parkes, who 
supplied some of the fresh data on the normal cycle of pseudo-pregnancy 
and gave both assistance and criticism in the course of the experiments. 


The histological expenses of the work have been defrayed by a grant from the Thomas 
Smythe Hughes Medical Research Fund. 
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AN UNIDENTIFIED DEPRESSOR SUBSTANCE 
IN CERTAIN TISSUE EXTRACTS. 


By U.S. v. EULER anp J. H. GADDUM. 


(From the National Institnte for Medical Research, Hampstead, 
Lonilon, N.W. 3.) 


EXPERIMENTS WITH THE RABBIT’S ISOLATED INTESTINE. 


Fo.tLow1ne up the discovery by Dale and Dudley [1929] that acetyl- 
choline is present in the fresh spleen of the ox and horse we tried to arrive 
at some idea of the distribution of this substance in different organs. 
Alcoholic extracts were made from various tissues obtained from horses 


by mincing the fresh tissue in five times its weight of alcohol. After 


removing the alcohol under reduced pressure, we tested the extracts on 
the longitudinal muscle of the rabbit’s isolated intestine, which appeared 
to be very suitable for our purpose since it contracts in very low concen- 
trations of acetylcholine and is very insensitive to histamine. Extracts of ' 
some tissues caused effects which probably were due to acetylcholine, but, 

in some cases, and particularly in extracts of intestine and brain, the 
contraction which occurred came on more slowly than that due to 
choline or acetylcholine, and was not much affected by doses of atropine 
which abolished the effect of these substances. This is illustrated in Fig. 1 
which shows the action of a partially purified extract of horse’s intestine. 
The action of this extract, which contained very little choline as shown 
by the effect of acetylation, was unaffected by atropine. Similar observa- 
tions have been made by other investigators. Backmann [1921] showed 
that biodialysates, dialysates, and alcoholic extracts of uterus caused a 
contraction of the rabbit’s isolated intestine after atropine, and Jendras- 
sik [1929] observed the same effect with extracts of brain. It is clear that 


_ this effect is due to some substance other than a choline ester or hista- 


mine. 

Extracts of some tissues produced a pure inhibition of the intestinal 
tone and rhythm, while in other cases inhibition occurred before the 
onset of the contraction (see Figs. 6 and 7). That this inhibition was due 
to a different substance was shown by its different stability in alkali. The 
stimulant substance was relatively stable to heating in acid solution, but 
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easily destroyed by brief boiling in alkali, which left the inhibitory 
substance intact. We shall give reasons for believing that the latter 
substance is probably adenylic acid or adenosine. It is with the stimulant 
substance, however, that we are chiefly concerned. 


: EFFECTS ON THE BLOOD-PRESSURE OF THE RABBIT. 
When an extract from almost any organ was injected intravenously 
into a tabbit under ether it produced a fall of blood-pressure, which in 


many cases was not greatly affected by atropine. This phenomenon was - 
first described by Osborne and Vincent [1900], and has since then been 


Fig. 1. Isolated rabbit’s jejunum in 15.0. bath. A and B, in normal Tyrode solution. 
C and D, atropine added (1/10*). A and C, 1 y acetylcholine. B and D, 0-2 mg. of 
preparation P. 


described by several investigators. It has been pointed out that this 
effect cannot be due either to histamine (which does not produce such an 
effect in the etherized rabbit), or to choline or choline esters (which pro- 
duce no effect after atropine). 

This depressor effect might be due to adenosine, which does cause 
a fall in blood-pressure in the rabbit after atropine. We have found, how- 
ever, that most of the depressor effect produced by our extracts from 
small intestine and brain is due to some other substance, which, unlike 
adenosine, is unstable in alkali, and which can easily be separated from 
adenosine in several different ways. On the other hand, most of the 
extracts also contained an alkali-stable depressor substance, and we 
shall give reasons for believing that this was adenosine or some closely 
related substance. 


Re 
! 
‘ 
> 
* 
a 
Pe. 
piv, 
og 
hg 
hac 
x 
rs 
fs 
6 
\q 
“4 “ig 
4 
« 
g 
> 
rs 
on 
4 
74 
> 
> 


76 U.8.v. EULER AND J.H.GADDUM. — 


ADENYLIOC ACID, FRUHGIFT, AND COZYMASE. 


The pharmacological activity of adenylic acid and adenosine was 
discovered by Drury and Szent-Gyérgyi [1929], who found that 
certain effects of various organ extracts on the heart were due to 
adenylic acid. They showed further that adenylic acid, or adenosine 
which had similar properties, caused a fall of blood-pressure in the dog 
even after atropine, and that the rabbit’s isolated intestine was in- 
hibited by concentrations as low as 0-002 p.c. Adenylic acid has been 
shown to be present in blood [Bass, 1914; Jackson, 1923], in skeletal 
muscle [Em bden and Zimmermann, 1927], in heart and brain [Pohle, 
1929 a and 6}, and also in kidney [Embden and Deuticke, 1930]. 

Quite recently Zipf [1930] has published an investigation on the 
chemical nature of the “ Friihgift” of Freund [1920] which appears in 
the clotting of blood and causes a fall of blood-pressure, unaffected by 
atropine. He arrives at the conclusion, supported by pharmacological 
and chemical experiments, that the “Friihgift” is an adenylic acig- 
“*Frihgift” or adenylic acid was shown by Zipf to be present also in 
liver, spleen, pancreas and lung. We also have found in extracts of all 
these tissues (except heart muscle which was not tested) substances 
which resemble adenylic acid pharmacologically in their action on the 
intestine, and which are not easily destroyed by alkali. 

In their work on cozymase H. v. Euler [1930] and co-workers have 
found that the cozymase obtained from yeast and from several animal 
organs has the probable constitution of an adenylic acid, where the 
relation between adenine, pentose, and phosphoric acid groups is 1: 1: 1. 
They have also found that the activity of the purified preparations 
increases in parallel with the amount of phosphorus. After reprecipita- 
tion of its barium salt the activity of such a preparation remains un- 
_ altered. A sample of a highly purified solution of cozymase (with an 
A.Co.= 100,000) was tested by us. The preparation contained 6-5 mg. 
dry substance per c.c. and caused a fall of blood-pressure in atropinized 
rabbits and stimulation of a guinea-pig’s isolated uterus. In both cases 
it was about equivalent in action to a solution of 4 mg. adenosine per c.c. 
The preparation of adenosine was obtained from British Drug Houses. 
_ It also inhibited the movements of the rabbit’s isolated intestine (see 

Figs. 2 and 3). In these pharmacological respects its behaviour was like 
that of adenosine. Drury and Szent-Gydrgyi [1929] have shown that, 
though adenylic acid and adenosine have similar actions, adenosine is the 
more active by about 1} times, probably owing to its lower molecular 
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weight. The cozymase preparation, therefore, appeared to have about the 
same activity as the preparation of adenylic acid used by Drury and 
Szent-Gyérgyi. This is of interest, since cozymase is known to be 


Fig. 2. Blood-pressure atropinized rabbit. Cozymase solution (CoZ) is 
equivalent to between 3 and 6 mg. adenosine (Ad) per c.c. 


Fig. 3. A. Guinea-pig’s isolated uterus. B. Rabbit’s isolated jejunum in atropine (1/10*) 
in 15 c.c. bath. Cozymase solution (CoZ) is equivalent to 4 mg. adenosine (Ad) per c.c. 


present in most organs, and therefore might play a réle as a depressor 
substance in organ extracts. It must be pointed out, however, that 
cozymase is apparently not identical with any of the adenylio acids that 
have previously been isolated from yeast and muscle. 
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Though adenylic acid is insoluble in absolute alcohol it is soluble in 
mixtures of water and alcohol and would, therefore, be likely to appear 
in our extracts, It is thus reasonable to assume that the alkali-stable 
- substance in our extracts, which causes inhibition of the intestine and 
a fall of blood-pressure, is adenosine or adenylic acid. This assumption 
was confirmed by the observation that this substance in the extracts was 
insoluble in absolute alcohol, and that, though it was but little affected by 
boiling for half-an-hour in normal alkali, it was destroyed by a few 
minutes’ boiling with normal acid, Its behaviour in the presence of the 
precipitants used in the study of the other substance pointed to the same 
conclusion. | 


PURIFICATION OF THE UNIDENTIFIED SUBSTANCE. 


We now come to what has been our main interest—the stimulant — 
effect of the extracts on the atropinized 
intestine and their depressor effect (after 003A 
atropine) which was not due to adenosine. | | 

When an extract from which the ade- © 
nosine-like substance had been removed 
was subjected to the destructive effect of 
alkali, it was found that it lost activity 
at the same rate, whether this was tested, 
after atropine, on the blood-pressure or 
on the intestine (see Fig, 4). This ob- 
servation led us to suspect that the two 
éffects were due to the same substance, 
and this conclusion has been supported 
in many ways by later experience, We 
have measured by comparison with a 
standard preparation the activity of a 
number of extracts obtained from different rabbit, Lower Rabhit's 
organs and at different stages of purifi- no. A Satin ol 
cation, and there has never been any Same solution 
significant discrepancy i in the results ob- and ith 07 Tn both cases A 
tained by the two tests. — _. is 16 times as active as B. 

The extracts have all been tested in the first place on the blood- 
pressure of rabbits, after the subcutaneous injection of 5 mg. of atropine 
sulphate. Confirmatory experiments on the intestine have been carried 
out only at the more important stages of the purification, _ 

It has been found possible to measure the depressor activity of a 
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solution with an error of certainly not more than 30 p.c. by matching it 
with a standard preparation, given in alternate doses, The effect on the 
active principle of various chemical and physical procedures has thus 
been studied quantitatively. 

_ Our most active preparations have been made from the small 
intestine of the horse. The mucous membrane contained only little 
activity of this kind and was scraped off. The plain muscle was minced 
and suspended in a solution of alcohol so that the final concentration of _ 
alcohol was 72-80 p.c. 1 c.c. of normal sulphuric acid was added to — 
every 100c.c. of alcohol, The addition of sulphuric acid increased the 
yield, and made filtration easier. After standing for about an hour at 
room temperature with stirring, the suspension was filtered, and the 
filtrate was placed in the cold room overnight. The next morning the 


Fig. 5. Blood-pressure atropinized rabbit. Effect of 0-2 mg. and 0-01 mg. 
of purified powder P, Sal. control injection of saline. _ 


alcohol was removed under reduced pressure. Fats were removed with 
ether, in which the active principle was practically insoluble. The watery 
extract obtained in this way was highly depressant on the blood-pressure 
and stimulating in action on the rabbit’s isolated intestine. The solution 
was found to be very stable when the solution was made just acid to 
congo-red. If such a solution was concentrated, made alkaline with 
sodium carbonate and, as far as possible, dried by rubbing up with 
anhydrous sodium sulphate, as much as 90 p.c. of the activity could be 
extracted with absolute alcohol. When the solution was not made 
alkaline before drying, absolute alcohol extracted only a small amount 
of the activity. The addition of sulphuric acid to the solution in absolute 
alcohol produced a precipitate which, in a dose of 0-01 mg., caused a 
just perceptible fall of blood-pressure in a sensitive rabbit (see Fig. 5). 
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This precipitate contains practically no adenosine-like substance, as 
judged by its action on the rabbit’s isolated intestine, and its lack of 
effect on the blood-pressure after treatment with alkali. However, it 
probably contained a small proportion of both histamine and choline. 
The evidence for this is discussed below. It also contained about 65 p.c. 
of ash, and it was thus clear that it consisted of a precipitate of inorganic 
sulphates which had carried down the active substances with them. We 
have used a powder prepared in this way as a standard in a number of 
experiments. This standard preparation, which we call P, dissolved 
easily in water to form a practically clear solution. 

In trying to purify the substance further we found that it was carried 
down by phosphotungstic acid and by mercuric chloride, but we were 
unable to recover more than a few p.c. of the activity from the pre- 
cipitates, even with careful decomposition. We were more successful 
with Reinecke acid [(NH,),Cr(SCN), . H (see Kapfhammer and Eck, 
1927)] and recovered about 60 p.c. of the activity by decomposing the 
precipitated compound with silver sulphate. Practically none of the 
adenosine-like depressor substance was precipitated by the Reinecke 
acid. 

We suspected that the active rial was carried down in these 
cases adsorbed on other substances, and at Dr Dudley’s suggestion we 
used another method of purification. A quantity of hydrochloric acid 
was added to an active solution, which was then poured into a solution 
containing a quantity of sodium benzoate equivalent to the hydrochloric 
acid. This caused a crystalline precipitate of benzoic acid, which was 
collected, washed, and then dried in a desiccator. When completely dry 
the precipitate was shaken up with ether, which dissolved the benzoic 
acid and left a very active residue. It is possible in this way to remove 
most of the histamine, which is not so readily adsorbed as the active 
substance we have been studying. 


SoME PHYSICO-CHEMICAL PROPERTIES OF THE DEPRESSOR SUBSTANCE. 


The substance is dialysable, and filters under pressure through a 
cellophane membrane. It has already been mentioned that the substance 
can be adsorbed on benzoic acid, and it seems on the whole to be rather 
easily carried down by precipitants. This circumstance suggests that the 
substance is of a complicated nature, but it is not carried down in 
appreciable amounts by colloidal iron. 
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Solubility. 
The solubility of the substance in some organic solvents is given in the 


table below. 
TastzZ I. Solubility of depressor substance. 


In absolute alcohol : 
a 
In acetone (dry) Insoluble 
B. In alkaline state 
In absolute alcohol Soluble 
paps Slightly 
In amy! alcohol Slightly soluble 
Stability. 


“Table II shows some of the results obtained by various ‘treatments of 
the standard preparation P. 


Taste II. 
| destroyed 
Medium Time p.c. 
0° C. Water just acid to congo-red 96 days 50 
Room temp. 0-04N 1 hr. None 
0-2N 1 hr. 10 
Boiling Water just acid to decanted hr. None 
HCL min, None 
ie 0-67 HCl 2 min. 25 
e N HCl 2 min. 66 
Room temp. Sat. N Ihr, 33 
N NaO 1 hr. 50 
Boiling 0-67N NaOH min. 75 
N NaOH 2 min. 100 
0° C. Absolute alcohol B4days 50 


When crude extracts were boiled in normal sodium hydroxide the 
unidentified depressor substance was rapidly destroyed, and the activity 
which we attribute to adenylic acid was practically unaffected. Acids 
destroyed both forms of activity at much the same rate, though the 
preparation P was slightly more stable in acids than pure adenosine. 

An experiment was carried out to test whether the active principle 
was destroyed by blood. The injection of small quantities of defibrinated 
goat’s blood was found to have no effect on the blood-pressure of an 
atropinized rabbit. One c.c. of goat’s blood was added to 3c.c. of a — 
solution of the preparation P, and kept at room temperature for 45 
minutes. When the mixture was tested directly it was found that this 
treatment produced no detectable loss of activity. 
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PHYSIOLOGICAL PROPERTIES OF THE ACTIVE PRINCIPLE. 


Our purest preparations have always contained at least one physiolo- 
gically active substance which resists treatment with alkali. A solution 
of the powder P, which contained no adenosine, was found to produce 

»& contracture of the virgin guinea-pig’s isolated uterus, and the action 

was not affected by boiling the solution for two minutes with an equal 
volume of 2N NaOH. The solution was compared with a solution of 
histamine and the conclusion was reached that this effect was due to the 
presence in P of between 0-5 and 1 p.c. of histamine. Similar results were 
obtained in experiments on the rabbit’s isolated uterus, and also in 
experiments on the blood-pressures of a cat and a goat. In all these 
cases the activity could be quantitatively accounted for by assuming 
that the preparation contained between 0-5 and 1 p.c. of histamine. 
There was no evidence that the unknown active principle had any effect 
in these experiments. 

In other experiments preparation P was treated with alkali, and then 
acetylated and tested on the rabbit’s isolated intestine in comparison 
with acetylcholine. It was thus shown that the preparation probably 
contained about 1p.c. of choline. This quantity of choline would 
probably not affect the action of P, but the presence of such a proportion 


of histamine has prevented us hitherto from studying satisfactorily any 


other effects which the active substance may produce, in addition to its 
effects on the blood-pressure and on the intestine of the rabbit. 

The effect on the blood-pressure of the atropinized rabbit is due to 
peripheral vaso-dilatation, being produced equally well by direct injec- 
tion into the aorta and with a shorter latent period than by intravenous 
injection. Table III shows the times between injection and beginning of 
fall in blood-pressure, using the two methods of injection in two experi- 
ments. 3 


Taste III, Showing the time between injection and first visible fall in blood-pressure. 


Arterial injection Venous injection 
Expt. 1 2-2; 2-5 sec. 49; 6-2 sec. 
Expt. 2 1-1; 1-4 sec. 3-1 sec. 


These experiments were made in heparinized rabbits. The injections 
were made through narrow glass tubes which were passed down the left 
sub-clavian artery into the arch of the aorta, and down the right jugular 
vein into the superior vena cava. Our preparation did not, however, produce 
vaso-dilatation in a rabbit’s isolated ear perfused with Tyrode’s solution 
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[Pissemski, 1914]. It caused vaso-constriction quantitatively equi- 
valent to that caused by the amount of histamine which we had reason 
to believe that the preparation contained. 

We have also investigated the effect of the depressor principle on the 
denervated gastrocnemius of a cat in two experiments. These showed 
that 4y of acetylcholine caused a fall of blood-pressure and strong 
contraction of the muscle, and that 0-4 mg. of our standard powder P 
produced a fall of blood-pressure (probably due, as indicated above, to 
the histamine in the a but no contraction of the denervated 
muscle. 


THE DISTRIBUTION OF ACTIVITY IN DIFFERENT ORGANS. 


We have prepared acid-alcoholic extracts at room temperature of a 
number of organs obtained from horses and, after removing the alcohol, 
found that most of them produced a temporary fall of blood-pressure in 
the atropinized rabbit under ether. The activity of each preparation was 
measured by comparing it with our standard preparation P. The results 
are shown in Table IV. 


Tastes IV. Depressor activity of alcoholic extracts from horses 


on atropinized rabbits under ether. 
Activity 
Organ (mg. P per gm. of 
Small intestine 0-7-2 
Brain 0-7 1-9 
Stomach 0-7 
Bladder 0-3 
Blood 0-1 
Uterus 0-05 
Striated muscle ca. ie 
ca. 
< 0-03 
Spleen None 


Most of these extracts appeared to contain adenylic acid, but it is 
improbable that our extracts contained all the activity of this kind 
originally present in the tissue, and we have made no attempt to trace 
the distribution of this substance in any detail. In the case of the first 
four extracts shown in Table IV we can state with confidence that the 
major part of the depressor effect was not due to adenylic acid. We have 
no reason to doubt that it was due in all four cases to the same unknown 
depressor substance. In the other extracts the total amount of activity 
was so small that we were unable to decide in what proportion these two 
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kinds of depressor substance occurred. In any case the table shows that 
most of the tissues contained very little of the substance we are studying. 
Extracts of the muscular coat of the small intestine gave the biggest 
effects, and these appeared to contain comparatively little adenylic acid. 
Brain appeared to contain almost as much of the active principle as 


the small intestine. The first observation of this kind of depressor action _ 


was made with extracts of the central nervous system by Osborne and 
Vincent [1900], but data were not then available for distinguishing 
between adenylic acid, in which brain is comparatively rich, and the 
other alkali-unstable depressor substance. It might be pointed out here, 
too, that Jendrassik made from brain his extracts which caused a 
contraction of the rabbit’s isolated intestine after atropine. 
Osborne and Vincent [1900] found that the grey matter of the 
brain was particularly rich in depressor substances, and recently 
Leimdérfer [1930] has found that extracts of the region of the thalamus 
produce a larger fall of blood-pressure in the cat than extracts of the 
hemispheres. These phenomena might be due to an uneven distribution 
of various different depressor substances, and we have therefore made 
similar experiments on the atropinized rabbit. 
In Fig. 6 an experiment is reproduced which shows the effect of 
extracts from the basal ganglia and from the hemispheres on the 
tabbit’s blood-pressure and intestine. The experiment on the intestine 


shows that both tissues contain some of the inhibitory adenosine-like — 


substance, but the additional depressor activity of the extract of basal 
ganglia was accompanied by an additional stimulant effect on intestinal 
muscle, and it appears probable that this was due to the other substance 
we have been studying. Fig. 7 shows the effect of boiling an extract of 
whole brain (obtained from a rabbit) with normal sodium hydroxide for 
3 minutes. The substance stimulating the intestine is removed by this 
treatment, but the inhibitory substance is left. 


THE DEPRESSOR EFFECTS OF EXTRACTS USED BY OTHER INVESTIGATORS. 


No attempt will be made to review the very large number of accounts 
which have been published of the depressor effect of tissue extracts. 
Bibliographies will be found in the papers by Vincent and Curtis [1926], 
Dale and Dudley [1929] and Gley and Kisthinios [1929]. ; 

_ There are probably at least five different types of substance which 
may occur in tissue extracts and which may produce vaso-dilatation: 

(1) Histamine. 7 

(2) Choline and choline esters. 


“ies 
4 
apy 
Tos 
a 
: 
ad 
4 
4 
& 
¥ 


DEPRESSOR SUBSTANCE. 85 


(3) Substances allied to adenosine. 
(4) The unidentified substance with which this paper is chiefly 


goncerned. 


(5) Kraut and Frey [see Frey, Kraut and Schultz, 1930] have 
described a depressor substance, “Kallikrein,” which is present in urine 
and pancreas and which has been shown to be neither histamine nor 
choline. It is clearly not allied to adenosine since it increases the heart 


- Fig. 6. Upper. Blood-pressure atropinized rabbit. Lower. Rabbit’s isolated jejunum in 


atropine (1/10*). A. Extract of cerebral hemisphere. B. Comparable extract of basal 
nuclei (from horse). 

Fig. 7. Rabbit's isolated jejunum in atropine (1/10*) in 15 c.c. bath. A. 0-2 mg. purified 
powder P. B. 015 c.c. extract of whole rabbit’s brain. C. Equivalent dose to B after 
treatment with alkali. 


rate. It is undialysable and easily inactivated by blood. It is therefore 
almost certainly distinct from any of the other substances mentioned 
above. Our extracts are presumably free of this substance, which is 
insoluble in alcohol as strong as 80 p.c. 

Depressor effects of tissue extracts on atropinized rabbits have been 
observed by Osborne and Vincent [1900], Vincent and Sheen [1903], 
Vincent and Cramer [1904], Roger [1922], Vincent and Curtis 
[1926], Best, Dale, Dudley and Thorpe [1927], Gley and Kisthinios 
Major and Weber [1929, 1930] and Fontaine and J [1930]. 
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Most of these authors have pointed out that such effects cannot be due 
either to histamine or to choline. They might, however, be due to any of 
the other types of substance (3), (4), or (5) and in most cases there is not 
sufficient evidence to enable us to say which of these substances the 
extracts contained. When, as in certain cases, the extract produced 
bradycardia it is probable that some substance allied to adenosine was 
present. Kallikrein, on the other hand, accelerates the heart. Adenosine 
is stable in alkalis, whilst the substances (4) and (5) are not. Adenosine 
inhibits the rabbit’s intestine, which is stimulated by substance (4). It 
is, however, clear that it is not at present possible to devise simple and 
reliable pharmacological tests which will measure the relative concentra- 
tions of all these substances in a tissue extract. 


| | SUMMARY. 

The nature of the vaso-dilator substances in tissue extracts is dis- 
cussed, 

Extracts in cold acid alcohol have been madg fom various tissues 
obtained from horses and tested on the blood-pressure of atropinized 
rabbits. 

In some cases the depressor effect is probably due to substances allied 
to adenosine. Highly purified cozymase preparations have the same 
effect. These substances also inhibit the rabbit’s isolated intestine and 
stimulate the guinea-pig’s isolated uterus. 

Evidence is given for the presence in these tissue extracts, particu- 
larly in those from intestinal plain muscle and brain, of another substance, 
which lowers the arterial blood-pressure of the atropinized rabbit by 
peripheral vaso-dilatation, and also stimulates the tone and rhythm of 
the rabbit’s isolated intestine after atropine. 


Some of the chemical and physical properties of this substance have 
been studied. 
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THE INFLUENCE OF TISSUES AND AMINO ACIDS 
ON THE OXIDATION OF ADRENALINE. 


By MARION 0. P. WILTSHIRE. 


(From the Physiological Sidsialory, University of Bristol.) 


_ Among the early studies which followed the discovery that suprarenal 
extract has a specific effect on the blood-pressure are those which showed 
the inhibition of intestinal muscle subjected to adrenaline. An adequate 
concentration of adrenaline causes immediate inhibition and relaxation 
of intestinal muscle followed by almost immediate recovery. The transient 
nature of the effect is characteristic. 

In some experiments in which the behaviour of the intestine was in- 
vestigated when adrenaline was applied to the inside and outside of the 
gut, it was noticed that when a piece of intestine which is inhibited by 
adrenaline is allowed to recover in the same solution, after complete 
recovery of the muscle the solution may still contain sufficient adrenaline 
to inhibit another piece of intestinal muscle exposed to it. The recovery of 
the muscle therefore does not coincide with the disappearance of the 
adrenaline. 

These observations are # agreement with those of Weiss and Harris 
[1904] who carried out experiments both in frogs and in cats on the 
destruction of adrenaline in the living animal. They found that after 
injection of adrenaline into the blood stream, the blood-pressure recovers 
its previous height although the adrenaline is not completely destroyed. 
From their experiments they concluded that muscle can completely 
recover from the effects of adrenaline in the presence of a concentration 
of adrenaline which is still active. 

In connection with these observations it was noted that no accurate 
or detailed information of the rate of disappearance or oxidation of 
adrenaline could be found. It is true that a certain amount of information 
can be gathered from scattered observations in various papers, but as 
definite knowledge was required on this point in order to proceed with 
these experiments, it was necessary to make an attempt to determine 
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with greater exactness the rate at which this substance disappears in 


Ringer’s solution!. 
METHOD OF INVESTIGATION. 


In oxygenated Ringer’s solution at 38° C., adrenaline rapidly under- 
goes spontaneous oxidation to some unknown products, which have no 
physiological effect. With suitable apparatus it is possible to ascertain 


Fig. 1. D, glass dise. 1, tube which can be lifted from its socket. 
M, muscle. S, stirrer. 
fairly accurately the point at which the adrenaline ceases to have any 
action, t.¢. the time at which the adrenaline is oxidized. 

In order to determine this time an apparatus was devised in which a 
piece of unstriped muscle was shielded by a glass tube from contact with 
an adrenaline solution, so that exposure of the muscle to the solution 
could take place at varying times after the adrenaline had been added. 


1 The composition of this solution was as follows: 0-9 p.c. NaCl, 0-042 p.c. KCl, 
0-024 p.c. CaCl,, 0-1 p.c. glucose, 0-01 p.c. NaHCO,. Kahlbaum’s salts only were used. 
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The apparatus (see Fig. 1) consists of a disc of glass (D) 7 cm. in diameter 
and 2-5 cm. thick. A tube (7) 2-3 cm. in diameter and 13 cm. high fits 
into a hole cut into the disc 1-5 cm. deep. A smaller hole in the remaining 
thickness of the disc allows for the introduction of oxygen into the tube; 
a glass or bone hook for the attachment of the muscle is also fixed in this 
hole, The apparatus stands in a beaker containing 500 c.c. of oxygenated 
Ringer’s solution, and the beaker is suspended in a water bath kept at 
38°. C. The Ringer’s solution in the beaker outside the tube is supplied 
with oxygen through a tube reaching nearly to the bottom of the beaker, 
and is continuously and thoroughly mixed by an electrically driven 
stirrer (8). 
Rabbits’ intestine is used in all experiments. The rabbit is killed by 
a blow on the head, and the whole of the small intestine removed with 
the mesentery, and placed in Ringer’s solution at 38° C. The intestine 
is then thoroughly washed out with warm Ringer’s solution, and the part 
not immediately required is placed in Ringer’s solution in a Dewar flask 
and kept at 0° C. 
se piece of contracting jejunum approximately 4 cm. long 1 is tied to 
the hook in the apparatus (duodenal end of piece of jejunum tied to 
hook); three hooks are inserted in the ileal end of the piece of intestine 
and attached by thread to a lever. The glass tube is put down and the 
intestine, contracting in oxygenated Ringer’s solution, is allowed to 
record on a slowly moving drum. A known amount of neutralized 
adrenaline hydrochloride! solution is added to the Ringer’s solution in 
the beaker (outside the glass tube), and thoroughly mixed by the stirrer. 
At a known time after the addition of the adrenaline, the tube is raised 
and the effect on the muscle recorded. The fluid in the beaker is now 
siphoned off and replaced by fresh Ringer’s solution, and the experiment 
repeated, raising the tube at a different interval after adding the adrena- 
line. The siphoning off of the fluid and replacement with fresh Ringer’s 


1 Parke Davis adrenaline hydrochloride solution 1 in 1000, supplied in ampoules, was 
used in all experiments. A measured quantity of this solution was diluted with distilled 
water and V/100 NaOH added to give a pH of 7-4. The concentration of the resulting solu- 
tion varied from 1 in 2000 to 1 in 50,000, and 0-45 c.c. or 0-9 o.c. of this solution was added 
to the Ringer’s solution in the beaker. The solution was used as soon as possible after the 
addition of the NaOH, and not more than 10 seconds elapsed before adding it to the 
Ringer’s solution in the beaker. The error introduced by the time occupied in this pro- 
cedure is negligible, since a strong neutral solution of adrenaline is practically stable for 
some time. This is shown quite clearly on the graph (Fig. 3). With relatively strong solu- 
tions (1 in 1,000,000 and 1 in 2,000,000) the curve becomes a horizontal line showing no 
diminution in the strength of the adrenaline for many minutes. es solution 
of 1 in 50,000 would not appreciably change in 10 seconds. 
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solution doesnot take more than 5-10 seconds. The experiments are re- 
peated several times on the same piece of muscle washing with Ringer’s 
solution after each experiment, until two tracings are obtained, one of 
which shows inhibition and one which does not, the difference in the time 
of raising the tube after the addition of the adrenaline being 10 or 15 


80” 


Fig. 2. 


seconds. A signal magnet marks the time of the addition of the adrena- 
line and the exposure of the muscle, and the time is recorded by a 30- 
seconds time-marker. A separate series of experiments showed that rais- 
ing and lowering the tube in Ringer’s solution in no way affected the 
contraction of the muscle. 
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Fig. 2 shows such a tracing. In (A), on raising the tube 30 seconds 
after adding the adrenaline no inhibition occurred; but when the tube 
was raised 15 seconds after adding the adrenaline (B), there was enough 
adrenaline left to cause inhibition, ¢.e. the adrenaline had ceased to be 
effective at approximately 22} seconds, which is the time of oxidation of 
this strength of adrenaline under these conditions. The times of oxidation 
of adrenaline solutions of various strengths were determined in this way, 
the concentration of the adrenaline in the beaker varying from 1 : 10® to 
1;5 x 10%. The mean results from 91 determinations for different 
concentrations of adrenaline are plotted in the graph (Fig. 3). 


1:30x10°}- op 


of adrenaline 


1:20X10°- 


1:10x10°- 


Minutes 

Fig. 3. 

It was found that the intestines of different animals varied consider- 
ably in their sensitiveness to adrenaline, but that different pieces from 
the same animal usually showed the same time of oxidation for the same 
strength of adrenaline. Pieces of intestine from another animal often 
showed a slightly different time of oxidation. In one set of experiments 
the influence of the oxygen supply was investigated, but the results 
obtained when the Ringer’s solution was constantly supplied with a 
stream of oxygen did not differ from those in which the oxygen supply 
had been cut off, since the Ringer’s solution was already thoroughly 
oxygenated before the beginning of each experiment. 

The curve showing the times of disappearance of various concentra- 
tions of adrenaline can only be regarded as an approximation, since the 
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sensitiveness of the muscle to adrenaline varies in the intestine from 
different animals—probably depending on the state of nutrition, age and 
sex of the animal. It does not seem to depend on the treatment of the 
intestine after the animal was killed. Muscle kept at 0° C. for several 
hours gave practically the same results as a piece in which the time of | 
disappearance of the adrenaline was determined immediately after the 
animal was killed. In some cases the time of disappearance was slightly 
greater with the cooled muscle, showing that cooling increases slightly 
the sensitiveness of muscle to adrenaline. 

Burridge and Seth [1929], using a perfused frog heart, showed that 
the augmentation produced by adrenaline begins to disappear at a 
definite time after the addition of the adrenaline. The point of disappear- 
ance of the augmentation is quite marked and is taken as the time at 
which the adrenaline disappears. By this method they found that with 

1: 10° adrenaline the effect is still apparent after 2 hours, 
- 1: 108 adrenaline the effect disappears in 10 minutes, 

: 10° 99 
101}. 29 99 
: 102 adrenaline the effect is very slight and very rapidly disappears. 
From these results it appears that the heart is much more sensitive 
to adrenaline than is the intestine muscle. A dose of adrenaline of 
1:5 x 107 will not cause inhibition of the intestinal muscle after 1 minute, 
but there is enough adrenaline remaining in a dose only 1/20th as strong, 
1: 10°, to affect the heart beat after 10 minutes. This is probably due 
partly to the fact that the heart is more sensitive to adrenaline, partly 
also to the fact that the adrenaline in their experiments came into contact 
with the blood vessels, contact with which causes delay in the rate of 

oxidation (see later). : 
| These authors assume that bie the heart recovers its normal beat, 
all the adrenaline has disappeared from the solution. This is the basis of 
their method, but since they did not ascertain that there was no adrena- 
line in the perfusate, their method is not free from criticism. The experi- 
ments of Weiss and Harris [1904] on the blood-pressure, and also our 
own on intestinal muscle, show that complete recovery from the adrena- 
line effect is possible in the presence of an active concentration of adrena- 
line, The method of Burridge and Seth for determining the time of 
disappearance of adrenaline is therefore not entirely satisfactory, and the 
results are consequently unconvincing. 

Sugawara [1928] has published a series of experiments in which he 
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determined the rate of disappearance of adrenaline in the following way. 
He diluted adrenaline hydrochloride solution to 1: 10* and 1:2 x 105 
with the following liquids: distilled water, 0-85 p.c. NaCl, Locke-Ringer 
solution, Tyrode solution and defibrinated blood. The solutions were kept — 
at 38-5°-39-5° C. and the activity of the different solutions was tested 
frequently on isolated rabbit intestine. He finds that the rate of dis- 

appearance of the adrenaline is not the same in all the solutions, and 

that aeration hastens the decomposition. The curve of diminution of the 

strength of the adrenaline in distilled water is the same as that in 0-85 p.c. 

NaCl—without aeration about 40 p.c. of the adrenaline is inactive after 

8 hours. In Locke-Ringer solution and in defibrinated blood, the de- 

composition is more rapid, so that 60—70 p.c. of the adrenalineis destroyed 

in 14 hours. In Tyrode solution 80 p.c. is decomposed in } hour, 100 p.c. 

in 1 hour. No difference was found in the stability of commercial pre- 

parations of adrenaline, and the adrenaline extracted according to Folin’s 

method from the glands. It may be pointed out that the concentrations 

of adrenaline used by Sugawara were very much greater than any 
employed in our experiments. 


THE EFFECT OF TISSUES ON THE RATE OF OXIDATION OF ADRENALINE. 

With regard to the action of adrenaline upon unstriped muscle, there 
is almost unanimous agreement that it acts at the myo-neural junction. 
There is, however, a possibility that it may enter into some form of com- 
bination with the muscle and thereby be rendered ineffective. The amount 
of adrenaline entering into combination with the muscle may depend 
upon the mass of the muscle and the concentration of adrenaline. To test — 
this, the following experiments were performed. With the apparatus 
previously described, the time of disappearance of adrenaline from a 
solution as given by a certain piece of muscle was determined. An addi- 
tional piece of contracting muscle was now put into the Ringer’s solution, 
outside the glass tube, and the adrenaline added. If the muscle lying in 
the beaker combines with the adrenaline and removes it from the solu- 
tion, the adrenaline should disappear from the solution more rapidly 
than in the previous experiment. In one experiment the time of dis- 
appearance of the adrenaline was originally found to be 2} minutes; when 
the additional piece of muscle was put into the Ringer’s solution, the 
adrenaline, instead of disappearing more rapidly, disappeared much more ~ 
slowly; when the tube was raised 2} minutes after adding the adrenaline, 
marked inhibition was obtained. The tube was put down. The Ringer’s 
solution in the tube was siphoned off and replaced by fresh Ringer’s 
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solution, and the tube raised again at 10 minutes; this was repeated and 


- marked inhibition occurred 20 minutes after addition of the adrenaline. 


Inhibition would probably have occurred much later still, but the ex- 
periment was not continued. The tissue, instead of removing adrenaline 
from solution more quickly than it is removed spontaneously either by 
destruction or combination, hinders the disappearance of the adrenaline _ 
and prolongs enormously the time during which adrenaline inhibition — 
can be obtained. A control experiment in which the tissue only was 
added to the Ringer’s solution, showed that the tissue itself had no effect; 
therefore the results cannot be explained by addition of any adrenaline 
in the tissues. | 
This unexpected result led to the study of the effect of other tissues _ 
on the rate of disappearance of adrenaline. Kidney, liver, brain, lung and 
striped muscle were removed from the animal as soon as it was killed, 
cut into small lumps and carefully washed so as to free the tissues from 
blood as far as possible, and placed either in the incubator at 37° C. or in 
a Dewar flask at 0° C. The effect of defibrinated blood and serum was 
also investigated. A number of experiments were carried out as follows. 


Determinations were made 


(1) the oxidation time of adrenaline in Ringer’s solution; 
(2) the effect of the tissue alone on muscle; 
(3) the effect of the tissue on the oxidation time of adrenaline. 


In almost every case it was found that although the tissue itself had no 
effect on the muscle, the time of disappearance of adrenaline (1:5 x 10) 
was enormously prolonged, as shown in Table A. 

It will be noticed that considerable amounts of tissue were used. 
This we subsequently found to be quite unnecessary, as is seen from 
Table B. 

It seemed possible that this effect of the tissues on the time of dis- 
appearance of adrenaline might be due to the re-synthesis of adrenaline 
from its inactive products of oxidation as a result of cell activity. But it 
was found that tissues which had been killed either by freezing or grinding 
with sand or by boiling, acted in exactly the same way as living tissues. 
Also “extracts,” prepared by boiling known amounts of chopped tissue 
in 10-20 c.c. of Ringer’s solution and straining, acted in the same way as 
the tissues themselves, so that the phenomenon cannot be due to the 
re-synthesis by living cells of adrenaline from its products of —— 
The following experiments support this view. 

The time of disappearance of « certain strength of adrenaline tected 
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Tasiz A, 
Normal 
dis- Disappear 
living or Weight appear- ance with 
Tissue ance e 
| min. Remarks 
Liver Living 8 1 30+ Adrenaline effect 
| persists 
x 10 30+ 
” ” 10 39 + 
10 15+ 
9 10 3 10 + ” 
9° 9° 10 2 10 + ” 
10 4 22+ 
” Dead 8 1} 30 + ae 
” 8 30 + 
ry) ” 10 3 50+ 
10 1 40+ 
10 20 + ” 
Extract 10 15+ ” 
10 3 25 + 
Unstriped muscle Living 51 24 20+ 
(ileum) 
Unstriped muscle me 6-5 34 — Does not persist 
(stomach) mu- 
cosa scraped off a 2 
Skeletal muscle o 10 3 20 + Persists 
Brain 9-7 4 
Blood Defibrinated 10 5 15+ Persiste 
Lung Living 8-2 5 5 No effect 
” ” 75 3 if 
9? ” 7 4 ” 
| 9-0 if 67+ 
Kidney 9-5 2 Slight effect 
9-5 l 25 + Persists 
TaBLe B. 
Weight tissue 
a 
Tissue g. min. ‘min. 
Liver Living 0-1 5 9 
” ” 0-5 * 30+ 
” ” | 30 + 


* In this test the adrenaline concentration was 1 : 2 x 10’, in the other three 1 : 5 x 10°. 
with a certain piece of intestine is determined. The adrenaline is now 
added to the fresh Ringer’s solution in the beaker and after all the 


adrenaline has presumably been destroyed, the tissue added; it is now 
found that the adrenaline effect is not obtained on raising the tube. This 
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experiment was repeated several times, decreasing the interval between 
adding the adrenaline and adding the tissue. It was found that when the 
tissue was added shortly after the adrenaline, the destruction of adrena- 
line was delayed, but if added when the adrenaline was completely or to 
a large extent broken down, the tissue had no action on the rate of dis- 
appearance of the adrenaline. The tissue therefore under the conditions 
of these experiments cannot re-synthesize the adrenaline from its oxida- 
tion products, for when the tissue is put into contact with the oxidation 
products of adrenaline, no action occurs. The tissue then must combine 
in some way with the adrenaline and prevent it from destruction. If the - 
tissue is added soon after the adrenaline, it preserves the adrenaline which 
is still intact from oxidation. Table C demonstrates this fact. 


C, 
Normal 
Concentra- Time of disappear- 
tion of adding tissue ance 
1:5x 108 Living liver 1 min. after 24 effect does not 
10 g. persist beyond normal 
” si 30 sec. after 24 Persists for 10 min. 
” » 1 min, after 24 Does not persist beyond 
 Qmim after 2} Persiste for 30min. 
adrenaline 


This effect of the tissues in apparently prolonging the time during 
which adrenaline is active might alternatively be explained as a sen- 
sitization of the muscle rather than an effect on the adrenaline itself. In 
an earlier part of this paper it was suggested that the adrenaline may 
not have wholly disappeared ina solution which gives no adrenaline 
effect. What is left may not be sufficient to cause inhibition. If the 
action of the tissues is to sensitize the muscle and not to preserve the 
adrenaline, the muscle will react to this small remaining fraction of 
adrenaline present, the destruction of adrenaline having proceeded at 
the normal rate. This point was investigated in the following ways. 

(A) In the first series of experiments the procedure was as follows: 

(1) the time of oxidation was determined ; 
(2) the effect of e.g. liver on this time of oxidation ascertained ; 
(3) after washing the muscle with Ringer’s solution, the time of 
oxidation was again found, in this case no tissue being present. 
PH. LXXII. 7 
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In every case the time of oxidation at the end of the experiment was the 
same as at the beginning. The tissue, therefore, could not have made the 
muscle permanently more sensitive to adrenaline. 

(B) Secondly, the rate of disappearance of adrenaline was determined 
in the usual way. The muscle was then exposed to the action of one of the 
tissues previously mentioned for 20-30 minutes by taking away the tube 
and suspending a weighed amount of tissue in a small net bag in the 
Ringer’s solution in which the muscle was contracting. The tissue was 
_ then removed, the Ringer’s solution replaced by fresh Ringer’s solution, 

the tube put back into place and the rate of disappearance of adrenaline — 
again determined. In these experiments also the two rates of oxidation 
are the same, showing that the muscle could not have been made per- 
manently more sensitive to small doses of adrenaline by contact with the 
tissue. 

(C) Itis possible, however, that temporary sensitization of the muscle 
may exist only while the tissue is present in the Ringer’s solution. The 
following experiments were devised to settle this point: The time of dis- 
appearance of adrenaline having been determined, a small net bag con- — 
taining the tissue was placed inside the tube in which the muscle was 
contracting, and allowed to remain for some time. Adrenaline was then 
added to the Ringer’s solution in the beaker, and the tube raised (no 
fresh Ringer’s solution in the tube), just after all the adrenaline presum- 
' ably has been destroyed. There was no adrenaline effect, so that the 
muscle was not made appreciably more sensitive to the small fraction of 
adrenaline which was probably not yet destroyed. Thus, if the tissue 
is put into contact with the muscle the persistence of the adrenaline 
effect does not occur; if the tissue is put into contact with the adrenaline, 
the persistence does occur; clearly the effect must be an effect on the 
adrenaline and not on the muscle. 

(D) However, in certain of our experiments it appeared possible that 
a slight degree of sensitization of the muscle might be developed. The in- 
hibition produced by very small doses of adrenaline is sometimes aug- 
mented when tissue is added simultaneously with the adrenaline, but the 
threshold value of adrenaline is scarcely altered. 

In connection with these experiments the results of other workers on 
the effects of organs or tissues on the destruction of adrenaline should be 
considered. According to T. R: Elliott [1905] the liver has the power of 
destroying adrenaline, muscles destroy it to a certain extent, but it can 
pass in the blood stream through the lungs without being appreciably 
affected. Tatum [1912] placed pieces of venous and arterial walls in 


aS 
Bey! 
44 
ag 
A 
ue. 
x 
4 


OXIDATION OF ADRENALINE. 99 


adrenaline solution, oxygenated at 37°C. The presence or absence of 
adrenaline was determined by the frog perfusion method, and the results 
showed that the adrenaline rapidly disappears when oxygenated in the 
presence of artery wall; the artery wall apparently destroys adrenaline. 

Giragossintz and Mackler [1929] found that injections into the 
jugular vein and vena cava give materially greater rises in blood-pressure 
than equivalent injections into the portal vein or liver. It would seem 
that the liver removes most of the pressor effects of adrenaline. — 

In agreement with Elliott [1905], Markowitz and Mann [1929] 
found that the destruction of adrenaline probably occurs all over the body, 
not only in the liver or intestines. They recorded the effect on the blood- 
pressure of intravenous injection of epinephrin in normal dogs and in dogs 
with the liver removed. In normal dogs the pressor effect lasted 2 minutes, 
in dogs with the liver removed 3 or 4 minutes. They repeated the experi- 
ments with eviscerated preparations and the effect lasted for 5 minutes. 
From these results they conclude that adrenaline disappears in the tissues 
which it excites, an opinion which was also expressed by T. R. Elliott. 

It is indeed a widely spread opinion held by Elliott and many others 
that adrenaline is rapidly destroyed in the living body and a suggestion 
has been made that the actual living cells effect the oxidation. Our ex- 
periments show that in oxygenated Ringer’s solution at 37°C. the 
presence of excised tissues definitely hinders the spontaneous oxidation of 
adrenaline, preserving this from destruction. But the conditions in our 
experiments are so different that it is perhaps not surprising if in the 
living body, with circulation intact, other influences in addition to the 
one we describe come into play. 

The results of our experiments prove that blood and serum also 
possess this power of delaying the oxidation of adrenaline. Oliver and 
Schafer [1895] showed that adrenaline diluted to 1 : 150,000 disappears 
rapidly in alkaline solution, but if the same concentration of adrenaline 
in well-aerated blood is allowed to stand for an hour at a temperature of 
39° C. it is then only slightly weaker than at the beginning of the experi- 
ment. Also Trendelenburg [1910] has shown that serum protects 
adrenaline from oxidation. On the other hand Chikano and Kominami 
[1929] recently demonstrated that when adrenaline is added to fresh 
rabbit serum and kept at body temperature for 96 hours, it disappears 
more quickly than when added to Locke’s solution under the same con- 
ditions, The amount of adrenaline remaining in solution was tested by 
chemical and biological methods. The concentration of adrenaline used 
in all their experiments was 1: 10,000. In serum after 24 hours about 
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30 p.c. of the adrenaline disappeared, after 48 hours 60 p.c., after 96 
hours 80-90 p.c. The corresponding figures for the disappearance in 
Locke’s solution which they give are as follows: 15-20 p.c. after 24 hours, 
30} p.c. after 48 hours and 55 p.c. after 96 hours. In phosphate buffer 
solution of pH 7:1-7-7 the adrenaline disappeared at the same rate as in 
serum. This paper is the only one known to us in which an attempt to 
determine the rate of oxidation is recorded, and in which curves illustra- 
tive of this are given. Their results conflict with those of several other 
observers, including our own, and there is no obvious explanation of the 
discrepancy. 

The influence of the tissues in slightly augmenting the effect of 
minute doses of adrenaline has been described also by O’Connor [1912] 
and § chlossmann [1927]. These observers found that the addition of 
small amounts of serum enabled them to detect by biological methods, 
concentrations of adrenaline so minute that without serum this was not 
possible. They attributed this to the sensitization of muscle, and their 
results are of interest in establishing the fact that serum plus adrenaline 
is effective when adrenaline alone is not. Schlossmann states that 
adrenaline in a dilution of 1 : 1044 can be detected alone and with addition 
of serum in a dilution of 1: 101%. We were not able to obtain a degree of 
sensitization comparable to this, in fact the augmentation in our experi- 
ments was very slight. 

Also Storm van Leewen and van der Made[1920] have found that 
the rise in blood-pressure due to adrenaline is increased by the simul- 
taneous injection of serum. Serum, therefore, augments the action of 
adrenaline according to these workers. 

Extracts of heart, spleen, pancreas, testes, etc., in addition to stimu- 
lating the uterus of the rat, guinea-pig, dog and cat were shown by Collip 
[1920] to antagonize the inhibitory action of adrenaline on these organs; 
on the other hand, he found that though extracts of various tissues 
antagonized the fall in blood-pressure produced by a small dose of 
adrenaline, the rise in blood-pressure produced by a larger dose of adrena- 
line is augmented and prolonged by administration of tissue extract. This 
agrees with our results in which we find that tissue extracts areas powerful 
as the tissues themselves in delaying the oxidation of adrenaline. 

_ Steppuhn and Sargin [1926] investigated the interaction of pitui- 
tary extracts, placental extracts, and adrenaline and found that “sub- 
threshold doses of these extracts summed with sub-threshold doses of 
adrenaline to produce an effect on the vessels of a rabbit’s ear and on a 
uterus isolated from a guinea pig.” 
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Abderhalden and Gellhorn [1923] showed by test-tube experi- 
ments that plasma and serum have the power of checking the oxidation 
of adrenaline. Ox plasma and horse plasma in varying amounts were 
added to solutions of adrenaline in test-tubes (concentration of adrenaline, 
1: 250,000-1 : 15,000) and allowed to stand at room temperature for 
24 hours. A deep colour had by that time developed in the control, less 
colour in the other test-tubes depending upon the amount of plasma used. 
The solutions were then tested on heart-muscle strips and the degree of 
activity corresponded with the colour—the more deeply coloured solu- 
tions were less active. 


THE EFFECT OF AMINO ACIDS ON THE RATE OF 
OXIDATION OF ADRENALINE. 


It has been shown that living tissues, dead tissues, tissue extracts and 
blood serum markedly diminish, in varying degrees, the rate of destruc- 
tion cf adrenaline in Locke-Ringer solution. Since dead tissue and tissue 
extracts exert this influence, it cannot be due to the presence of living 
cells, but may perhaps be attributed to some constituent or constituents 
of the cells—possibly to definite chemical bodies, e.g. proteins or carbo- 
hydrates or products derived from them. — 

Experiments were therefore undertaken to investigate the action of 
glycine on the rate of oxidation. When it was ascertained with certainty 
that this amino acid in minute quantities delayed the oxidation of 
adrenaline, we proceeded to determine the rate of oxidation of adrenaline 
in the presence of other amino acids, using the same — as in 
_ previous experiments. 

(1) The oxidation time of a certain concentration L of adrenaline in 
Ringer’s solution was first determined ; 

(2) the effect of the amino acid itself was tested ; 

(3) a known amount of an amino-acid solution was then added to 
the Ringer’s solution and the rate of oxidation of the same concentration 
of adrenaline determined ; and finally 

(4) the oxidation time of adrenaline in Ringer’s solution was again 
determined, in order to see whether the amino acid altered the behaviour 
of the muscle to adrenaline. 

Experiments with the following amino acids were carried out: 
glycine, J-leucine, I-tyrosine, dl-a-alanine, d-c-alanine, dl-f-alanine, 

1 Some of the amino acids used were obtained from the British Drug Houses, others 
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dl-phenyl-alanine, d-arginine, dl-aspartic acid, |-histidine, amino-benzoic 
acid and also with sarcosine. It was found that while these substances 
in the concentrations used have no effect on the contractions of the iso- 
lated intestine in Ringer’s solution, when they are present the time re- 
quired for the destruction of adrenaline is enormously prolonged. The 
amount of an amino acid required to produce this effect is very much less 
than the total free amino-acid content of blood, and in none of our experi- 
ments did the amino-acid concentration in the Ringer’s solution exceed 
that in the blood. The effect depends upon the concentration of amino 
acid present—larger amounts cause distinctly more effect than smaller 
ones, as is seen in Table D. 


D. 
Normal Disappear- 
Concen Concentra- disappear- ance with 
Amino in Ringer tion of ance amino acid 
pc. adrenaline min. delayed 
L-tyrosine 0-0009 1:5x 10" 1 10 7 times 
0-0018 1 20 16 ,, 


Also the effect depends upon the concentration of the adrenaline, for 
if the same amount of amino acid is added to adrenaline solutions of 
different strengths, the effect appears to be more marked with stronger 
solutions than with weaker ones (Table E). 


TaBLe E. | 
tion of Normal Disappear- | 

Amino Concentration adrenaline disappear- ance with Oxidation 

acid : in Ringer in Ringer ance aminoacid delayed 

d-alanine M/5000 0r0-0018p.c. 20 sec. min. 16 times 
9 1 10’ 45 35 47 ” 
L-leucine M/4000 or 0-0033 p.c. 1:3%x10' 2} ,, 15 ,, 
1:2x10’ 2 ry) 4 99 2 
” ” l 15 x 10’ 3 13 99 4:3 


The different amino acids apparently vary somewhat in their power 
of delaying the rate of disappearance of the adrenaline. Of the amino 
acids used, d-alanine has the most powerful effect and cystine the least. 


Tasty 

Normal 
Amino disappear- ance Oxidation 
acid Concentration adrenaline ance aminoacid delayed 
d-alanine 00035 pc. 10? 15 sec. 15min. 60 times 
tyrosine 0-0035 p.c. ljmin. 30 ,, 24 


1: 25x10? 1 min. 20sec. 5 ,, 
/5000 or 0-0032 p.c. limin. 14 ,, 
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Taking the average results of over 50 experiments the amino acids 
may be arranged approximately in order of activity as follows: dl- 


phenyl-alanine, d-alanine, dl-alanine, !-tyrosin, dl-aspartic acid, I-leucine, 


d-arginine, dl-B-alanine, glycine, dl-cystine, sarcosine, amino-benzoic acid. 
Fig. 4 is a record of an experiment done with phenyl-alanine. 

It was realized that the observed action of the amino acids might vary 
with the nature of the amino acid; for example, the activities of the d-, 
l- and racemic forms of any one of them may differ; also the a amino acid 
may differ from the corresponding f form; further the number of NH, 
groups may be of importance and the presence of a benzene or hetero- 
cyclic ring may also effect the phenomenon. Owing to the difficulty of 
obtaining the various amino acids we have been unable, up to the present, 
to study these questions fully. But as might have been expected the 
d-alanine has a distinctly stronger action than the racemic form in main- 
taining the activity of an adrenaline solution and a-alanine was much 
more powerful than the 8 form. Cystine and arginine, containing more 
than one NH, group, are not as effective as d-alanine. 

There is evidence that histidine like all the other amino acids which 
have been investigated, delays the oxidation of adrenaline. It differs, 
however, from the other amino acids used, in producing a slight but 
definite fall in tonus. This must be taken into account in considering the 
tracings, but the curves show such definite inhibition that the persistence 
of the adrenaline in the presence of histidine is evident. 


The question as to whether the amino acid has any sensitizing action | 


on the muscle, was investigated by putting the amino acid inside the 
tube, which was then raised when all the adrenaline in the beaker had 
presumably disappeared. As an illustration, the point of disappearance 
of 1:5 x 10® adrenaline was found to be 34 minutes; 1-5 .c. 1 p.c. 
glycine was put inside the tube and left in contact for 8 minutes; adrena- 
line 1:5 x 10° was added to Ringer’s solution outside the tube; on raising 
the tube 4 minutes later no inhibition occurred. 

In many experiments it was also noticed that the rate of disappear- 
ance of adrenaline in Ringer-Locke solution is the same at the beginning 


and end of the experiment, i.c. the muscle is not more sensitive to 


adrenaline after exposure to an amino acid than before. 

The amount of inhibition produced by adrenaline is not affected by 
the presence of an amino acid. This was shown by experiments in which 
the effect of adrenaline alone was compared with that of adrenaline of 
the same concentration when amino acid was added simultaneously. The 
following concentrations of amino acid and adrenaline were used: 
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Tasiz G. 
Concentration of 
Amino acid Concentration adrenaline 
l-tyrosin 0-0045 p.c. 1:3x10" 
0-0035 p.c. 
d-alanine M/10,000 1: 10? 
” [5000 
dl-cystine §M/5000 1:25 x10" 


The tracings obtained with adrenaline and with adrenaline and amino 
acid are practically identical, so that the effect of the amino acid seems 
to be solely to preserve the adrenaline, not to increase or strengthen its 
action. The amide asparagine (1//10,000), behaved in the same way as its 
corresponding amino acid, aspartic acid. 

A more complete series of experiments with d-alanine, using the follow- 
ing concentrations of amino acid and adrenaline was carried out: 


Adrenaline d-alanine 
1:7x10" M/5000 

” M/3300 
1:5x 10’ M/5000 

” M/3300 
1: 2-5 x 10? M/5000 
1:2x 10? 

M/3300 
1: 15x10’ M/5000 
1:10’ ” 


The tracings given by the adrenaline and amino acid were identical, 
both in amount of inhibition produced and time of recovery, with those 
given by the same strength of adrenaline alone. 

If the muscle were made more sensitive to adrenaline by the amino 
acid an inactive dose of adrenaline should be made active by its presence. 
It was found that a piece of intestine was inhibited by adrenaline 
1:3 x 10’, but not by adrenaline 1 : 4 x 107. The simultaneous addition 
of 0-009 p.c, /-tyrosine with adrenaline 1:4 x 10’ caused a slight in- 
hibition, but with weaker doses of adrenaline, 1:5 x 107 and 1:6 x 10’, 
added simultaneously with tyrosine caused no inhibition. The addition 
of I-tyrosine then apparently only slightly altered the sensitiveness of the 
muscle to adrenaline. 

All the experimental evidence therefore leads to the conclusion that 
the chief effect of amino acids is an interaction between the adrenaline 
and the amino acid, rather than a sensitizing action on the muscle. 

Since the amino acids which have been investigated interact in some 
way with adrenaline and delay its spontaneous oxidation, it is necessary 
to study further the nature of this interaction. As a preliminary step in 
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this investigation we have compared the effect of an amino acid with that 
of the hydroxy acid and also with that of the corresponding amide. For 
these experiments we used (a) d-alanine (CH,CH.NH,.COOH), (6) dl- 
lactic acid (CH,CH.OH.COOH), (c) propionamide (CH,CH,CO.NH,), 
__all of which are of approximately the same molecular weight. The method 
used was the same as that in previous experiments. One piece of muscle 
was used for each set of experiments, as the pieces of muscle may vary 
so much in their reaction to adrenaline, that in experiments of this type 
the results obtained with two different pieces of muscle are not #trictly 
comparable. 


Tasiz H. 

Concentra- tion of Normal _Disappear- 

tion in ance with 
Substance in Ringer ance substance delayed — 
i §M/5000 1:10? 40 
(Lactic acid M/3300 1} min. 4 
— ” 1} ” 
d-alanine 99 50 sec. 37 45 


_ From Table H it is clear that d-alanine possesses the power of delaying 
the oxidation of adrenaline to a far greater degree than its corresponding 
amide or hydroxy acid. 

Comparatively little work has been published on the effect of amino 
acids on the action of adrenaline. Apart from the work discussed by 
-Bied1 [1913] in which the adrenaline content of solutions was estimated 
by chemical methods, there are a few recent papers to which attention 
may be drawn. There is, however, no systematic work except that of 
_Abderhalden and Gellhorn [1923 and 1924], which bears directly 
uponourown. Our attention was drawn to their papers after our experi- 
ments with amino acids had been commenced, by finding a short account 
of them by Laquer[1928]. They find [1923] that the breakdown products 
of various tissues, hypophysis, testis, ovary, thyroid, thymus, corpus 
luteum and placenta, yield substances which they term “optones.” These 
are protein-free, but contain amino acids and a negligible quantity of 
amines. Using strips of muscle from the ventricle of the frog’s heart, they 
observed that these “optones” lower the threshold of the muscle to both 


d- and l-adrenaline, in the case of l-adrenaline from 1in 15 milliontolin 


250 million; in the case of d-adrenaline to a less degree. They conclude 
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that this demonstrates a sensitizing action of the optones and consider 
that many hormones which reach the circulation are in an inactive form. 
Optones lower the threshold so that these become active. They alsofound — 
that the protein-free ultra-filtrate of serum and plasma possesses the 
same power of slowing the oxidation of adrenaline. In test-tube experi- 
ments the control in Ringer’s solution alone had developed a red colour 
in 1 hour; with the ultra-filtrate added the solution did not become red 
until 3 hours after the adrenaline had been added. Similar results were 
obtained using amino acids instead of ultra-filtrate. A solution containing 
1; 200,000 l-adrenaline and 0-004 p.c. glycine did not become coloured 
for several hours, showing apparently that the adrenaline has been made 
more stable by the addition of glycine. Similar experiments in which 
carbohydrates were used instead of amino acids, showed that the effect 
of carbohydrates in delaying the oxidation of adrenaline is very small. 
Cane sugar, glucose and fructose are almost without influence, while 
maltose, galactose and lactose only when they are present in very large 
amounts, cause any distinct delay in the oxidation of adrenaline. The 
blood-sugar content is far too small to have an influence on the rate of 
the oxidation process in blood. 
_ Further, these authors showed by experiments on strips of heart 
muscle, that though the amino acids themselves have absolutely no effect 

on the muscle, they have a distinct power of altering the adrenaline thres- 
hold; if sub-minimal doses of adrenaline are used with amino acids they 
become active doses. In similar experiments described in this paper, 
however, it was shown that amino acids have only a very slight power of 
altering this threshold. Abderhalden and Gellhorn also demonstrated 
that the d- and /-isomers of any amino acid act alike; also a-amino-pro- 
pionic acid and £-amino-propionic acid give identical results. In some 
of their experiments the amounts of adrenaline and amino acid used were 
very large, e.g. 0-1 : 70,000 adrenaline and 1 : 10,000 J-leucine, etc. 

Though not directly related to our work, a few isolated investigations 
may be mentioned. Brodd[1927] showed that arginine in concentration 
0-0008 p.c. facilitates the action of adrenaline both on the muscles of the 
blood vessels and on the uterus. Working on rabbits, Chikano [1929] 
studied the influence of subcutaneous injections of the natural amino 
acids and allied substances on the effects of adrenaline hyperglycemia. 
He found that tyrosine and tryptophane injected subcutaneously in 
large doses increase hyperglycemia; phenylalanine, glutaminic acid and 
glycine do not influence it. : 

It would appear that the destruction of adrenaline both inside and ~ 
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outside the body is to be regarded as an oxidation process, the exact 
nature of which is at present entirely a matter of conjecture. Extensive 
search into the literature has yielded little information. There is universal 
agreement, however, that the products, whatever they may be, possess 
no evident physiological action. _ 

While the physiological effects of adrenaline depend upon the terminal 
amine group, most of the colour tests for adrenaline depend upon the 
oxidation of the catechol ring, and it appears probable that the break- 
down of adrenaline is concerned with the oxidation of the catechol ring 
- toan orthoquinone. It would be hazardous to make suggestions as to the 
nature of the chemical combination of adrenaline with amino acids which 
prevents such an oxidation. 


SuMMARY. 


1, The time of oxidation of adrenaline solutions of various concentra- 
tions has been measured. 

2. It has been demonstrated that living tissues removed from the 
body do not possess the power of destroying adrenaline, but on the other 
hand even minute amounts of tissue delay the oxidation of adrenaline 
and preserve it to a remarkable degree. 

3. Since killed cells and extracts of tissues are also effective, this 
property is dependent upon some definite constituent or constituents of 
the cell. 

4. Amino acids possess this power of delaying the oxidation of 
adrenaline. Concentrations of amino acids much less than those avomm 
occur in blood have a marked effect. 

5. The relative influence of various amino acids on the time of 
oxidation has been compared. 

6. There is no evidence that increased sensitiveness of muscle to 
adrenaline is produced by the presence of amino acids. 

7. It is probable that adrenaline combines in some way with amino 
acids and is thus prevented from oxidation. The compound formed dis- 
sociates slowly and the adrenaline liberated is subsequently oxidized. 
The time of oxidation of adrenaline is therefore enormously prolonged in 
the presence of amino acids. 


I would like here to express my thanks to Prof. Buckmaster and 
Prof. Mellanby for their advice and criticism during this work. Also to 
Dr Hickman for modifications in the construction of several pieces of 
apparatus. — 
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_ Part of the expenses of the research were defrayed by a grant from the Colston Research 
Society. 
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THE EFFECTS OF POSTURE ON THE ss laa ane 
BLOOD VOLUME. 


By R. L. WATERFIELD. 


(From the Chemical Division of the Medical Clinic, The Johns 
Hopkins Hospital and Unwersity.) 


THOMPSON, Thompson, and Dailey [1928] made the discovery that 
if an individual remained stationary in the erect posture his total plasma 
volume gradually diminished for about half an hour when it reached a 
constant level approximately 12 p.c. less than in the recumbent posture. 
Further the hematocrit reading rose in such a way as to indicate that the 
total cell volume remained unaffected. Closely parallel with these 
changes was an increase in the red cell count, the specific gravity of the 
blood and the concentration of the plasma protein, together with a 
diminution in the percentage of plasma water. Their figures indicated 
that in the erect posture there was an absolute diminution in the amount 
of water and diffusible substances in the circulation; and they suggested 
that the loss was the result of a filtration of these substances through the 
capillary walls of the lower extremities owing to an increase in the erect 
posture of the hydrostatic pressure within them. 

The blood volumes in Thom pson’s experiments were determined by 
the dye-method of Keith, Rowntree and Geraghty. The present 
paper gives results in a similar investigation, in which, however, the 
_carbon-monoxide method was used for blood-volume determinations. 


METHOD. 

The modification of Haldane’s carbon-monoxide method due to 
Chang and Harrop [1928] was employed and their technique followed 
closely. 

After a light lunch! the subject lay on a couch for forty-five seinates. 

1 The blood volume was determined immediately before lunch on a subject who had 
starved since the previous night, and again two hours later, one hour following a heavy 
lunch. The close agreement between the two figures indicates that even a large meal has no 
appreciable effect on the blood volume. 3 

Whole blood Cells Plasma 


before lunch 5260 2230 0.0. 3030 c.c. 
One hour after heavy lunch 5300 c.c. 2250 ¢.c. 3050 c.c. 
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Blood was then taken from a vein, under oil into a bottle containing 
sodium oxalate, for hematocrit, plasma protein, and carbon-monoxide 
estimations. Still lying down the subject rebreathed a measured quantity 
of CO for twenty minutes when a second sample of blood was taken for 
‘ CO determination. He then stood stationary for forty minutes, partially 
supported by arm rests and with his legs as far as possible relaxed. Blood 
was again taken for hematocrit, protein and CO determinations. Finally 
another measured quantity of CO was inhaled and, after twenty minutes — 
rebreathing, the fourth sample was taken for CO determination. 


RESULTS. 


_ The results in general confirmed those of Thompson and his 
associates, though certain differences were found which may be due to 
the difference in the method used. While Thompson with the dye 


Taiz I. Changes depending on posture in whole blood, plasma, and cell volume for eight 


y normal subjects. | 
Whole blood volume Plasma volume 
Ideal Horizontal Vertical Horizontal Vertical 
Case Age Height Weight weight posture posture Change 
No. Year cm. kg. kg. 6c. p.c. 
1 39 169 74 70 4330 410 990 2490 190 76 
2 38 167 5 70 4850 4040 810 16-7 2760 2140 620 22-4 
38 28 181 61:8 78 5280 4660 11-7 2980 560 18-8 
4 27 160 —_ 61 4850 4470 380 78 2630 2280 350 13-3 
§ 35 171 _ 72 4620 7-2 2780 2490 290 10-4 
6 23 189 74-1 82-5 5750 5080 670 11-6 3390 2900 490 145 
7 29 72:3 81 5780 5080 700 138 3290 570 173 
s* 29 178 70 745 5800 3520 3190 330 9-4 
Cell volume Volume c.c. per kg. ideal weight 
‘Hor. Blood volume Pilasmavolume Cell volume 
Ideal zon ertical 
Hori- 

| 1 3 160 74 70 1840 =. 11810 30 16 618 ‘T 856 263 259 
2 38 167 70 2090 190 91 604 577 8304 306 299 27:2 
2 618 2300 2240 60 26 676 597 3382 310 295 287 
4 27 160 — 61 2220 862190 30 14 795 733 41 374 364 359 
72 2200 2130 70 32 62 642 386 346 308 296 
6 2 1889 41 825 2360 2190 170 72 616 411 31 286 265 
81 2490 2360 62 714 627 46 336 S37 21 
8s 29 178 70 745 2610 2610 0 Oo 823 78 472 428 S49 349 
Averages 2264 2179 8 38 14 65 45 347 300 20-7 


* In this case vertical determination done on a different day from that of horizontal determination. hg mi. 
| one sho no change in cell volume, The very high volume may be associated with a considerable degree of 


method found a loss of plasma volume amounting to 12 p.c., I obtained 
a loss of nearly 15 p.c. with the gas method. While they foci that the 
cell volume underwent no change, I found a diminution of about 4 p.c. 
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in the cell volume. Finally, whereas Thompson obtained figures indi- 
cating that none of the plasma protein disappeared from the circulation in 
the erect posture, my results require that over half of the protein is lost 
with the rest of the plasma. [Compare Tables II and IV, and III and IV. | 

A possible explanation of this diminution in cell volume in the erect 
posture is as follows. The increase in plasma protein percentage (which — 
we both find) results in an increase in the plasma-osmotic pressure and 
therefore in a withdrawal of water from the cells with their consequent 


Taste II. Changes in percentage cell volume indicating a diminution in total 


cell volume in the erect posture. 
Haematocrit p.c. cell volume Obs. p.c oud Obs. p.c 
| 
Case Calo.* Obs. plasma 
No. Horiz, Vert. vert. calo. _—-vol. vol, vol. 
1 42:5 44-0 44-4 16 6-0 76 
2 43-0 47-2 49-1 962 9-1 15-6 
3 43-5 48-0 48-7 986 2-6 16-5 18-8 
ad 45-8 49-0 49-4 1-4 121 13°3 
5 44-2 46-0 46-9 980 3-2 71 10-4 
6 41-0 43-0 44:8 72 79 14-5 
43-0 46°5 47-1 988 5-2 17:3 
Averages 43-2 46-1 47-2 | -980 4:3 11-2 14-9 


* Calculated, on assumption that total cell volume remains constant, from observed 
change in plasma v 
hinge in percentage cell volume. 

As regards the fact that over half the protein was found to filter 
through the capillary wall with the rest of the plasma, the following 
observations are of interest. Lymph from the thoracic duct of anssthe- 
tized dogs [Smith, 1925], and of normal human subjects obtained under 
certain unusual circumstances [Hamma rsten, 1900] has been found to 
contain protein in about 50 or 60 p.c. of its concentration in the plasma. 
Further I determined the albumin-globulin ratio in the recumbent and 
erect postures in two cases of nephrosis and in one normal subject. In 
all three the increase in the erect posture in the albumin percentage was 
negligible, though in the globulin percentage very considerable. These 
observations suggest that the capillary wall is only partially impermeable 
to plasma protein, and further that its impermeability is more or less 
limited to the globulin fraction. 

In Table III, therefore, the loss of plasma fluid on two different 
hypotheses has been calculated from the observed changes in protein 
concentration. In one, following Thompson, I have assumed the 


capillaries to be completely impermeable to protein; in the other, taking 
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Taste III.* Showing that the observed change in plasma volume is more closely 
parallel to that calculated on the assumption that albumin only is diffusible than to that 
calculated on the assumption that none of the protein is diffusible. 


Total protein 

A Calc.§ Obs. 

Case Calc. Obs, Obs. po, loss p.c, loss p.c. loss 

no. Horiz. Vert. vert. calc.f calc.f plasma 

1 730 743 790 94 ‘97 18 4-6 76 
577 616 711 87 95 6- 14-5 18-8 
4 524 579 96 1-09 9-5 20-7 13-3 
5 682 714 - 776i 94 1-00 4-5 10-5 10-4 
6 656 727 766 95 1-09 9-7 21 14-4 
7 668 720 807 ‘ -89 99 7-4 
3b* 656 674 - 706 95 99 27 6-5 71 
Averages 642 682 735 -93 1-01 6-0 13-4 12-7 


Calculated, on assumption that globulin alone is indie, from observed plasma 


changs ta 


concen | 
assumption that globulin alone is indiffusible, from observed change in 


an average albumin-globulin ratio of 60: 40, I have assumed that the 
globulin alone was held back by the capillary wall. It is seen that the 
figures calculated on the second hypothesis are in better agreement with 
the observed loss of plasma fluid. 


Tasrz IV, Thompson's figures for hematocrit readings and total plasma protein correlated 


with his diminution inplasma volume. 
Total protein 
Hematocrit. p.c. cell volume c An 
Vert. 
Calc.* obs. Calc.t 
Vert. vert. calc, Horiz. Vert. vert. 


calc. 
15-5 
11-9 
11-2 
13-6 
9-8 


to 

tomo 


7:2 
38-6 6-9 
50-9 851-7 0-98 78 


Averages 404 436 43-6 1-00 69 81 1-03 12-3 
* Calculated on assumption that total cell volume is unchanged, from observed plasma 
In Table IV are reproduced for comparison the hematocrit and protein 
PH, LXXIl. 8 
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_ figures obtained in Thompson’s experiments. It must be emphasized 
that the reason these conclusions differ in regard to the postural effect on 
the total cell volume and on the total amount of circulating protein, has 
nothing to do with the respective hematocrit and protein estimations. 
These, taken by themselves, are in agreement. The divergence only arises 
when we calculate absolute changes from the observed percentage changes, 
and so is entirely due to our getting divergent values for the postural 
change in plasma volume. 
Before discussing this difference in the postural change in plasma 
volume as determined by the dye and gas methods, I must refer to an 
investigation published elsewhere in the current number of this Journal 
[Waterfield, 1931]. In their paper Thompson and his associates 
suggested that the postural changes in the volume and composition of the 
blood, which they observed, were due in the erect posture to a filtration 
of plasma fluid into the lymph-spaces of the lower extremities, and in the 
recumbent posture to a diffusion of it back again into the capillaries. In 
order to test this experimentally an apparatus was constructed for 
measuring changes in the volume of the leg. In the second paper is given 
the evidence for believing that there is a swelling of the leg in the erect 
posture due to a “physiological oedema,” the quantity of which is of the 
same order of magnitude as the quantity of plasma fluid lost from the 
circulation. The truth of Thompson’s theory will therefore be assumed 
in what follows. 
To explain the fact that with the carbon-monoxide method I obtain 
a greater postural change in plasma volume than Thompson does with 
the dye method, it is only necessary to assume the validity of an old and 
oft-made criticism of the dye method: that there is a partial diffusion of 
the dye into the lymph-spaces, that consequently the dye method in- 
cludes in “the blood volume”’ a certain percentage of the lymph volume. 
Smith [1925], working at this Hospital, confirmed the work of others by 
showing that the loss of dye from the circulation, after the lapse of four 
minutes following its injection, took place so slowly that no appreciable 
error was introduced thereby into the blood-volume determination. He 
then investigated the behaviour of the dye during those first four 
minutes after its injection. In anzsthetized dogs he found the lymph 
coming from the thoracic duct to be stained with dye less than three 
minutes after its injection into a vein. Within fifteen minutes the con- 
centration of the dye in the thoracic duct lymph was 60 p.c. of its con- 
centration in the plasma. He pointed out that, since a long column of 
unstained lymph had to be displaced before the dye could appear at the 
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mouth of the cannula in the thoracic duct, the dye must have passed 
almost immediately upon its injection into the lymph-spaces. The dye 
method would therefore have included as a part of the “blood volume’”’ 
| of these dogs, 60 p.c. of their lymph volume, exclusive of that part of 
their lymph volume represented by the contents of the thoracic duct. 
Smith concluded that, if there was as much as 13 .c. of lymph per 
kilogram of body weight, this diffusion of the dye into the lymph would 
explain the much discussed excess of the dye-determined over the gas- 
determined blood volumes in normal individuals. Since, however, there 
| was no evidence that the lymph was present in such a large amount as 
18 .c. per kg. body weight, he contented himself with the view that his 
observations explained the greater part of the discrepancy between the 
two methods. 

In my opinion this qualification of Smith’s conclusions may now be 
removed. The present experiments and those of Thompson indicate 
that between 12 and 15 p.c. of the total plasma volume is lost in the 
erect posture, while my measurements of the swelling of the leg suggests 
that this fluid passes into the lymph spaces. The average gas-determined 
plasma volume is about 40 c.c. per kg. of body weight, while 15 p.c. of 
this volume—or 6 c.c. per kg. body weight—passes into the tissues of the 
lower extremities in the erect posture. But that is merely the increment 
in the tissue fluid, and moreover in that of the lower extremities only. It 
therefore seems probable that the total lymph volume might be expected 
to reach at least the figure of 13 c.c. per kg. of body weight that Smith 

required to explain the whole of the difference between the results of the 
two methods. 

If that is true the explanation straightway follows of the cause of the 
difference in the results given by the two methods for the postural 
changes in plasma volume. If the dye diffuses into the tissues in such a 
way that (as Smith found) the concentration of it in the lymph is less 
than in the plasma, the dye method must indicate a smaller postural 
change in plasma volume than the gas method. If the diffusion of the 
dye was so rapid that the concentration of it in the lymph was equal to 
the concentration of it in the plasma, then the dye method would ob- 
viously be incapable of demonstrating any postural change in plasma 
volume. On the other hand, if no diffusion of dye occurred into the 
lymph, the postural change recorded by the dye method would be equal 
to that recorded by the gas method. In fact the difference between the 
postural changes in plasma volume given by the two methods should 
theoretically enable one to determine the relative concentrations of the 
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dye in plasma and lymph, and moreover the actual volume of the 
lymph}. 

One qualification, however, must be made. It is not known precisely 
how much of the muscle hemoglobin is included in the carbon-monoxide 
method as part of the blood volume. Strictly speaking, therefore, the 
figure obtained in this way will give a minimal value for the lymph 
volume?, 

It is very uncertain in the first place how much muscle hemoglobin is 
contained in the body; and in the second place whether all or only part of 
the total muscle hemoglobin is reckoned in the gas-determined blood 
volume. Gescheidtlen [1878] considered the muscle hemoglobin to be 
under 5 p.c. of the total blood hemoglobin, while W hipple [1926], more 
recently in dogs, found it to vary between 10 and 80 p.c. of the total 
blood hemoglobin. In a paper [Chang and Harrop, 1928] already 
referred to, some experiments were described in which the effect of 
exercise was studied on the concentration of CO in the blood. During 
exercise the capillary bed of the muscle is considerably increased and the 
blood flow through it correspondingly augmented; it would be expected 

1 The following considerations will make this clear. Let Dh, Dv, Gh, Gv, be the dye- 
determined and gas-determined “plasma volumes” in the horizontal and vertical positions. 


Let P and L be the true plasma and lymph volumes respectively, and AP the amount of 
plasma fluid which in the erect posture passes out from the plasma into the lymph. Then 


Dh= P + fL, 
and Du= P- AP+f(L+ AP), 
where f is the ratio of the concentration of dye in the lymph to its concentration in the 
Then Dh - AP (1 ~ f). 
Again Gh= P, 
and P AP. 
Also (Gh- (2). 


From this it is obvious that, if the plasma volume is determined in the recumbent and 
vertical position both by the dye and gas method, we can evaluate P, f (AP), and fL, and 
hence can determine both f, the distribution factor of the dye between lymph and plasma, 
and L the actual lymph volume. 

* If we put M for the spurious component of the gas-determined plasma volume due to 
the absorption of CO by muscle hemoglobin we have 

Gh= P+ M 

and Gu= P-AP+ 

Equation (1) and (2) remain unchanged, but equation (3) becomes 

Dh Gh= f{(L) M; 

and | L= iff (Dh - Gh+ M). 
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that the muscle hemoglobin might thus become more completely satu- 
: rated with CO during exercise than during rest. Actually, Chang and 
Harrop found a very small change in OO concentration—in fact it 
represented an increase in blood volume of between 1:3 and 7-3 p.c. of 
the total blood volume. Moreover, part. of this change was probably the 
result of other factors, such as the throwing into the circulation of blood 
from the spleen. These figures, of course, give no definite information as 
to the amount of muscle hemoglobin included in the blood-volume 
estimation during rest; but they suggest that the amount included is — 
nearer to the lower than the upper limit which Whipple gives for the 
total muscle hemoglobin in the dog. 

Theoretically, therefore, a minimal value for the lymph volume could 
be obtained by making gas and dye determinations of “blood volume”’ 
in both the erect and recumbent postures on a given subject. The figures 
thus obtained would require the addition of an unknown but probably 
small factor. Thus although the quadruple experiment would un- 

doubtedly be tedious both for the subject and the observer, the interest 
of the result would probably repay the effort}. 


CONTRACTION OF THE SPLEEN. 


On two subjects, while the double blood volume for the effect of 
| posture was being determined, there occurred in the second determina- 
| tion (é.e. in the erect posture) an increase instead of a diminution in blood 
volume. Now in this second determination, which followed soon after 
the first, the blood CO necessarily rose to a considerably higher level. 
De Boer and Carroll [1924], and later Barcroft and his associates 
[Barcroft, Murray, Orahovats, Sands and Weiss, 1925] have 
shown that in certain animals the inhalation of CO produces a splenic 
contraction. On one of the two subjects (No. 4), who had twice given an 
abnormal response, the double experiment was repeated with smaller 
quantities of CO and the normal postural change already given for this - 
subject in the above tables was obtained. There was no opportunity for 
repeating the experiment on the other subject (R.B.). In these three 
anomalous experiments the changes in percentage cell volume and plasma- 
protein concentration were also abnormal—the usual increase did not 
take place in the erect posture. 

1 A second correction 2, interest, 
should theoretically be applied for the spurious component of the dye method due to the 
adsorption on to the surface of the cell of a monomolecular layer of dye. The final expression 


then assumes the form: 
L= iff (Dh- Gh+ M - E). 
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It is possible that these two subjects were abnormally sensitive to 
CO, with the result that their spleens contracted and their blood volumes 
increased (Table V). 

Taste V. Anomalous results in two subjects presumably sensitive to CO, giving an 
increase in blood-volume figures in the erect posture after a previous determination in the 
recumbent posture. 


P.c. cell 
in whole Increase Increase volume Protein 
blood in cell in plasma $= hematocrit gm. p.c. 

volume volume volume 
Suab- Hori- Ver- Hori Ver- 
ject p.c. oc. pc p.c. zontal zontal tical 
4a 360 8 70. 8 290 12 46 44 7-35 6-94 
4b 230 5 110.—ss«é& 120 4 44 44 — _ 


On two subjects, R.L.W. and R.Mcl., the blood volume was deter- 
mined immediately after the removal of about half a litre of blood and © 
the result compared with determinations made on the previous day at 
the same time. 

In R.L.W., who got up and walked about between the venesection 
and the determination, a remarkable increase in blood volume was 
observed (Table VI). Allowing for the 550¢c.c. removed the increase 
amounted to 1200 c.c. of whole blood, 730 c.c. of plasma and 490 c.c. of 
cells; simultaneously the red cell count increased by 1-7 millions. 

In R.McI. on the other hand, who remained lying quietly on the 
couch from before venesection until the end of the determination, no such 
dramatic rise in blood volume occurred (lower part of Table V1). 


Taste VI. Figures showing effect in two subjects of rapid removal of 500 c.c. of blood. 


Subject Date Time vol. ¢.c. vol. ¢.0. p.c. millions 


R.L.W. May 9 3.0 p.m. 5435 — — 
oe 3.30 p.m. 5280 3190 2090 19-4 — 
» ol 2.30 p.m. 5530 «4-7 
June 2 p.m. 550 o.c. blood removed from arm 
June 1 2.30 p.m. 6200 3720 2480 21-7* 6-4 
” 5.30 p.m 5-2 
5 12 noon 5260 3030 2230 — _— 
2 p.m. 5300 3050 2250 
Oct. 1 2.30 p.m. 5280 2980 2300 
Jan. 7 3 p.m. 5190 3090 2100 
R.Mcl. 23 3.0 p.m 5090 
Sept. 17¢ 2.30 p.m. 5210 3150 
» 18 2.30-2:45 p.m. 540c.c. 


* This figure includes the hemoglobin present as h bit 


sitting upxight in chair. 
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Barcroft and his associates [Barcroft and Barcroft, 1923] found 
that in rate the inhaled CO reached a very much lower concentration in 
the splenic blood than it did in the general circulation, and suggested that 
the spleen acted as a reservoir of red cells shunted off from the active 
circulation. Barcroft, Murray, Orahovats, Sands and Weiss [1925] 
showed that splenectomized guinea-pigs died more quickly of CO- 
poisoning than normal guinea-pigs; because, when the CO reached a 
poisonous concentration, the spleens of the normal pigs contracted and 
threw into the circulation their reserve supply of blood. That same year 
[Barcroft, Harris, Orahovats and Weiss, 1925] developed new 
methods for studying the spleen in living dogs and cats, and demon- 
strated that (i) the living spleen might have several times its volume 
post mortem; (ii) hemorrhage and exercise produced splenic contraction 
so that between 6 and 12 p.c. of the total blood volume might be added 
to the active circulation; (iii) contraction occurred early in the hemor- 
— (iv) the splenic blood was richer than the systemic blood in red 


ee above animal experiments suggest reasonable explanations of 
the present human experiments. In addition the different reaction to 
hemorrhage shown by R.L.W. and R.McI. may be due to the fact that 
the former walked about, while the latter lay still after venesection: that 
the second subject lacked the trigger effect of exercise to fire off the 
splenic contraction. 
One difficulty lies in the size of the increase in blood volume observed 
in R.L.W. and R.B. (Tables VI and V respectively), which amounted to 
about a litre. It cannot be supposed that all this came from the spleen. 
Hartwig [1929], from perfusion experiments on human spleens removed 
at autopsy, concluded that their volume post mortem is } to 4 their 
volume in life, and that they may contain up to 400 c.c. of cells. Binet 
and Fournier [1926] found that immediately following hemorrhage in 
normal dogs the red count might increase by over 2 million cells, and that 
this did not occur in splenectomized dogs or in dogs in which the spleen’s 
pedicle was lightly clamped. 
Now following venesection the cell volume of R.L.W. increased by 
490 c.c. while his red count rose by 1-7 million cells: the first figure is not 
much in excess of Hartwig’s estimate of the capacity of the human 
spleen, and the second figure is similar to the figures of Binet and 
Fournier in dogs. It is possible, therefore, that the excess cells may 
come from the spleen, while the remainder of the increase in blood 
volume (the plasma increase) is secondarily derived from the tissues. 
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SuMMARY. 


__ 1. The blood volume as determined by the carbon-monoxide method 
is less in the erect than in the recumbent posture. 

2. This loss of blood volume is mainly in respect of plasma, the loss of 
which averages 15 p.c. of the total plasma volume. 

.3. There is an accompanying loss of cell volume averaging 4 p.c. of 
the total cell volume. 

4, There is an increase of the plasma-protein concentration in the 
erect posture such as would be expected if the globulin fraction alone did 
not diffuse through the capillary walls. 

5. These results differ from those of observers using the dye method; 
the latter find a smaller diminution in plasma volume, no change in cell 
volume, and an increase in plasma-protein concentration such as would 
result from the albumin as well as the globulin being held back by the 
capillary walls. 

6. All these differences between the gas and dye methods can be 
explained as the result of a diffusion of the dye into the lymph spaces. 

7. A method is outlined whereby it should be possible to determine 
the total lymph volume of the body, or rather a minimal figure for it, 
from quadruple determinations of blood volume in both erect and 
recumbent postures by both gas and dye methods. 

8. The “blood volume” does not include the blood in the spleen. 

9. The spleen may contract and throw its red cells into the circulation 
either in subjects sensitive to CO as a result of inhaling that gas, or after 
the removal of about a pint of blood. 

10. The increase in plasma volume following splenic contracfion is 
probably derived secondarily from the tissue fluids. 
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THE EFFECT OF POSTURE ON THE VOLUME 
OF THE LEG. . 


By R. L. WATERFIELD. 


(From the Chemical Division of the Medical Clinic, the Johns 
3 Hopkins Hospital and University.) 


THompson, Thompson and Dailey [1928] have shown that the 
circulating blood volume measured by the dye method is subject to 
variations which are dependent on the posture of the subject. In the 
recumbent posture they found the circulating plasma volume to be about 
12 p.c. greater than it was in the erect posture. This change took place 
fairly rapidly in rising from the recumbent to the erect position, being 
completed in from 20 minutes to half an hour. On the other hand, the 
change occurred more slowly in the converse manceuvre, and required, 
after resuming the horizontal position, a variable and rather indefinite 
period for the volume to return to its original level. 

Concurrently with these changes in the blood volume determined by 
the dye method they found alterations in the various constituents of the 
blood. In the erect posture the percentage volume of the cells, the red- 
cell count, the total protein, and the specific gravity were greater, while 
the plasma water was less, than in the recumbent posture. 

They explained these results as follows: when the subject assumed the 
erect posture there was an increase in the hydrostatic pressure in the 
capillaries of the lower extremities which resulted in the water and 
diffusible constituents of the plasma passing out more rapidly into the 
lymph spaces. 

Their evidence was that the specific gravity, percentage cell volume, 
red-cell count, and total protein increased quantitatively in the precise 
way they would increase if, with the leakage of water, etc., there was no 
leakage of red cells and protein. 

In another paper [Waterfield, 1931] T have investigated the same 
problem using instead the carbon-monoxide method for blood-volume 
determination. My conclusions were very similar to those of Thompson 
though they differed from him in certain important respects. In parti- 
cular I found a larger loss of — volume in the erect posture—15 p.c. 


as opposed to his 12 p.c. 
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In this. investigation I have attempted to test experimentally 
Thompson’s suggestion that the loss of plasma from the circulation in 
the erect posture is due to its leakage into the tissues of the lower 
extremities. 

If the theory of leakage is correct—namely that some 400 c.c., on the 
average, has disappeared from the blood stream and found its way into 
the tissues of the lower extremities—then it should undoubtedly be 
possible to show by measurement an increase in the volume of the legs!. 
If 400 c.c. leaves the general circulation, and if one assumes that the 
blood volume of one leg from the knee down is under one-tenth of the 
total blood volume of the body, then not more than 40c.c, of fluid can have 


_ disappeared from the circulating system of one lower leg. On the other 


hand, according to the theory, the 400 c.c. lost from the total circulation 
has accumulated in the tissues, and mainly in the tissues of the lower 
extremities. Precisely how it would become distributed between the 
tissues of the leg and thigh is of course not known, but it is reasonable to 
suppose that about half of it would collect in the lower leg; for, although 
the volume of the thigh is much greater 
than the volume of the leg, the hydrostatic 

pressure in the erect posture must be, on : 
the average, higher in the leg than in the 
thigh. Hence it is reasonable to suppose | 
that, of the additional 400 c.c. which has 
accumulated in the tissue spaces, at least 
100 c.c. would collect in the tissues of each fi!) 
of the two legs below the knee. This of 
course is only an approximate figure; it 
shows, however, that the amount of swelling 
to be expected, namely about 60¢.c., is 
quite large enough to be measured experi- 
mentally. 


APPARATUS FOR MEASURING THE VOLUME OF THE LEG?, 
The principle consisted in measuring the volume of water displaced by 


the portion of the limb being measured. 


1 Krogh (1922) states that if the leg is allowed to hang motionless the foot becomes 
swollen. 


* IT am indebted to Prof. E. W. Hyde of the Department of Engineering in the Univer- 


‘ty of Sho Palins wha Inboratory the epparstn wee devigoed and constructed, 


and the preliminary observations carried out. 
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The apparatus (Fig. 1) was large enough to accommodate the foot 
placed flush on its floor. On top was an elliptical metal collar through 
which the foot and leg could be introduced into the tank, and up into 
which the water level rose. The collar was as small as was compatible with 
the entrance of the foot, so that a small change in volume would produce 
a measurable change in water level. For convenience the level was 
measured in a glass side tube. At the bottom of the tank was a tap for 
drawing off water into graduated flasks. 


METHOD. 


_ The volume of the leg was measured as far up as the tibial tuberosity. 
The actual point varied from one individual to another, depending on 
their build, but was constant for a given subject. In every measurement 
the water level was brought to the same arbitrary mark on the side tube. 
The measurements were in general made with the subject seated on a 
stool, and the technique was so arranged that the measurement could be 
completed within one minute of the subject quitting the particular 
posture—recumbent or erect—that was under investigation. 

By taking the necessary precautions to ensure (1) that the foot and 
leg were always placed in the same position in the tank, and (2) that the 
muscles of the leg being measured were as far as possible relaxed, measure- 


_ Inents were found to agree within 5 c.c. of each other. 


EMpTyINnG AND FILLING OF VEINS. 


_ Experiment 1. Tf, after making a measurement with the leg completely 
relaxed, the subject now actively contracted the muscles of the leg in the 
tank without moving the leg, there was an immediate fall in water level. 
By adding water to restore the level the change was found to amount, in 
one of us, to a fairly constant diminution in leg volume, of between 
70c.c, and 80¢.c. The new level remained constant so long as the 
muscular contraction was continued. On relaxing the muscles again, the 
level rose fairly rapidly—though much more slowly than it had pre- 
viously fallen—and reached a constant value in less than half a minute’. 
By removing water from the lower tap into a graduated cylinder the 
change in level was found to correspond to a swelling of the leg from 
between 70 and 80c.c. In other words the leg had now returned again 
to its original volume. There can, I think, be very little doubt that 


1 Of. the observation by Le wis [1924] that if a pressure-cuff is applied round a limb the 
veins distal to it reach their maximum engorgement in 15 to 30 seconds. 
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the immediate fall in volume on contracting the muscles was due to a 
sudden squeezing of blood out from the veins and venules, while the more 
gradual swelling of the limb after relaxing the muscles was the result of 
the passive filling up again of the veins and venules. 

A precisely similar phenomenon was observed when the subject, 
instead of sitting on the stool, stood erect in the tank. There was a 
marked fall in volume of the leg in the standing position if the whole 
weight of the body was suddenly thrown upon it: the fall was immediate 
and of approximately the same amount as when the muscles were con- 
tracted in the sitting down position. Also, directly the weight was trans- 
- ferred to the leg outside the tank (and partly to some arm-rests) the 
volume increased, within about half a minute, to the value it had before 
the muscular contraction occurred. Undoubtedly this was again a case 
of the active emptying and the passive filling of the veins. This effect of 
muscular contraction in the standing and sitting posture was observed 
later in a number of other subjects and the amount of change was very 
similar to the figures given above for a single subject. 


_ Erect or TEMPERATURE. 


Cotsterachinic ani expansion of the apparatus with temperature 
changes can have no appreciable effect on the measurements. The only 
effect will be to alter the level on the leg up to which the volume is 
measured—and for ordinary temperature changes this is negligible. 


temperatures. 
Volume of leg 
Temp. of tank Relaxed Contracted Vol. change 
°C. sitting c.c. standing 0.0. 
12 2962 - 71 
20 3018 2948 - 70 
25 2929 - 78 
32 3011 2941 - 70 
40 3044 2974 - 70 


Expervment 2. A physiological effect of temperature on the leg volume 
was, however, found. Table I shows that at low and high temperatures 
the volume is greater than at ordinary temperatures; that between 
20° and 32°C, the effect is not large; and lastly that even over an 
extreme range of temperature the variation in volume with muscular 
relaxation and contraction is always between 70 and 80 c.c. 
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POSTURAL CHANGES IN THE VOLUME OF THE LEG. - 


Experiment 3. A large number of observations were made on myself 
as a preliminary to the study of other subjects. The following facts — 
emerged from the results: 
prodaced a swelling of ths leg 
which varied between about 60 and 120 c.c. 

(2) After 40 minutes no further swelling occurred; and by far the 
greater part of the swelling occurred in 20 to 25 minutes. 

(3) 40 minutes in the recumbent posture resulted in a shrinkage of 
the leg of about 60 to 80c.c., and this seemed to continue slowly for a 
longer period of time not definitely determined. _ 

(4) The amount of shrinkage in the recumbent posture was di- 
minished if the subject was asleep during that time; whereas, if he per- 
formed a few exercises, which resulted in alternate contractions and 
relaxations of the leg muscles, before assuming the recumbent position, 
the shrinkage during 40 minutes’ lying down might increase to 100 or 
120 c.c. 

(5) Finally it was found that, if one exercised the legs and then lay 
flat for 40 minutes, the leg volume would be 120 c.c. less than it was after 
standing stationary for 40 minutes. This could be repeated again and 
again, getting volume changes very close to the figure 120—swelling 
120 c.c. on standing still 40 minutes, and shrinking 120c.c. after per- 
forming a few exercises and lying flat for 40 minutes. After 40 minutes 
lying down following exercises, no further shrinkage occurred. 

(6) In order to see whether this 120 c.c. did definitely represent the 
limits of variation, the leg volume was measured after a night in bed and 
then at the end of the day after standing still 40 minutes. The variation 
between the extremes was about 120 c.c. 

From these observations the following facts seemed clear: ( 1) The leg» 
swelled up in the erect stationary position to a certain limiting size, and 
diminished again on lying flat for a night. (2) Most of the shrinkage 
occurred in 40 minutes, but complete shrinkage required several hours. 
(3) Exercising the muscles of the legs would produce some shrinkage by 
itself, and if exercises and the recumbent position were employed 

together the complete shrinkage could be accomplished in about 40 
minutes. (4) On the other hand, the swelling of the leg in the erect 
position was completed in 40 minutes provided the leg muscles were 
relaxed; while if the legs were “‘braced up”—the muscles being kept 
contracted—the amount of swelling in 40 minutes was diminished. 
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_ INTERPRETATION OF THE POSTURAL SWELLING. 


_ It was now necessary to determine whether this postural effect on the 

volume of the leg—as contrasted with the effect of muscular contraction 
and relaxation—was due to variations in the amount of fluid outside the 
blood circulating system, or merely to different degrees of venous en- 
gorgement. In this connexion the following evidence is available: 
A, The observations already referred to in regard to the change in 
leg volume with posture, are strikingly analogous to the observations of 
Thompson and his associates on the postural variations in the dye- 
determined blood volume. —_ 

(1) The swelling of the leg and the diminution in the dye-determined 
blood volume in the erect posture both tended to become stationary in 
from 20 to 30 minutes. 

(2) The shrinking of the leg and the increase in the dye-determined 
blood volume in the recumbent posture both required a longer and some- 
what indefinite period to reach a steady state, although in about half an 
hour the greater part of the shrinkage of the one and the increase of the 
other had occurred. = 

B. Experiment 4. The subject after performing a few leg exercises lay 
flat on his back for 40 minutes. The leg was then measured and the blood 
drawn for hematocrit determination of percentage cell volume and for 
estimation of total plasma protein. 

He then assumed the erect posture; and at certain intervals, during 
the maintenance of that posture, the leg measurements and veni- 
punctures were repeated. 

Finally he lay on his back, and after an interval another leg measure- 
ment and veni-puncture was obtained. Table II shows how closely 
parallel the change in leg volume, percentage cell volume and total 
plasma protein proceed with time. 


Tastz II. Change in leg volume, percentage cell volume and plasma protein with posture. 


por P.c, cell protein 

Time volume mgm. p.c. 

After exercise and lying flat 40 mins. 0 39-0 5-08 

After standing 15 mins. 41-7 5-78 

After standing 40 mins. + 117 44-2 5-96 

After lying flat 35 mins. without pre- + 55 40-8 5-69 


C. Ezpervment 5. The subject, after performing some simple leg 
exercises, lay flat on his back for 40 minutes. The leg was then measured 
in the sitting position in the usual way with the leg muscles relaxed. 
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Immediately afterwards, without removing the leg from the tank, the 
leg muscles were contracted to the full extent and a second measurement 


- made. Finally a third measurement was made with the muscles again 
relaxed. 


The subject then stood stationary in the erect posture for 40 minutes, 


after which the same three measurements of leg volume were repeated: 


with relaxed, contracted and relaxed muscles. 

The measurements showed that relaxation, contraction, and relaxa- 
tion again, produced a variation of about 70 c.c. in the volume of the leg 
irrespective of whether the leg was shrunken after remaining in the 
recumbent position, or swollen 120 c.c. after 40 minutes in the erect 

ure. 

(A) and (B), Experiment 4, taken together, indicate that the postural 
swelling and shrinkage of the leg, the postural diminution and increase 
in plasma volume, and the postural changes in percentage cell volume and 
plasma-protein percentage are all manifestations of one and the same 
process—to wit, the passage into, and out of, the lymph spaces of the 
diffusible constituents of the plasma. 

This is confirmed by (C), Experiment 5, in the following way. If the 
postural changes in leg volume were merely the result of variations in the 
degree of engorgement of vessels, then one would expect the relaxation 
and contraction of muscles to produce a greater volume variation when 
the vessels were engorged than when they were not engorged. That the 
volume variation is actually the same in the two cases, suggests that the 


- postural variation in leg volume is a different mechanism from that 


involved in the volume changes due to muscular contraction and relaxa- 
tion: that, whereas the latter represents an emptying and filling of the 
veins, the former represents a true “physiological cedema’.”’ 


EXPERIMENTS ON SIXTEEN NORMAL SUBJECTS. 


After the completion of the above investigations, which were made 
almost exclusively on the author himself, the following experiment was 
made on a series of sixteen normal individuals, all males mostly between 
the ages of 20 and 30 years. 

Experiment 6. After a few leg exercises the subject lay flat on his 
back for 40 minutes. Blood was then drawn from the finger for hemato- 
crit determination of percentage cell volume (heparin being used to 
prevent clotting), and the volume of the leg was measured. He then stood 

1 Cf. the observations of Drury and Jones en 
in a limb distal to a pressure-cuff. 
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_ stationary with legs relaxed for 40 minutes after which the same two 


determinations were repeated. 


Tastz III. Showing the height of subjects, together with the actual and percentage 
swelling of legs after standing for forty minutes. 


Subject Height 6, “Training”* 

1 6 1” 17 3-9 

2 6’ 0” 120 3-6 0 

3 5’ 6” 106 3-5 -- 

4 5’ 11” 105 3-4 - 

5 0” 100 3-2 0 

6 5’ 8” 95 3-0 - 

7 6’ 0” 102 2-9 Us 

8 S&F 80 29 0 

9 6’ 2” 92 2-7 ++ 
10 5’ 9” 86 2-3 0 
6 1” 74 2:3 + 
12 6’ 2” 83 2-2 ++ . 
13 6’ 4” 65 2-1 0 
14 & 10” 55 1:7 ++ 
15 5’ 6” 43 «i183 + 
16 5’ 11” oe 0 ++ 


* very bad, poor “training”; 0 “not in training”; + “in training”; + + strict 
The calculated of the volume of that of the 
t ore d as a percentage portion leg 


The average swelling for the sixteen subjects was 83 c.c. The highest 
figure was 120 c.c.; six of them swelled over 100 c.c.; while the smallest 
amount of swelling, with the exception of one subject who did not swell at 
all and also showed no change in his percentage cell volume, was 43 c.c. 

The correlation between the amount of swelling and the loss of plasma 
volume (calculated from the increase in the hematocrit reading) was 
rather low. On the whole those who swelled most gave the biggest 
change in hematocrit reading, while those that swelled least gave the 
smallest change. But one did not expect a high correlation between the 
two: because (1) the success of the experiment depended largely on how 
stull one stood, and each of the sixteen subjects was so to speak “per- 


- forming” for the first time; and (2) we cannot tell how the fluid exuding 


into the tissues of the lower extremities will distribute itself in different 
individuals between the lower half of the limb and the part of it above 
that is not included in the measurement. 

_ On the other hand, the experiment seems to show that lack of athletic 
training and the height of the subject are both important factors in 
determining the amount of swelling. Four of our subjects were in strict 
“training for track,’ and two others were in extremely good though less 
strict “training.” Now of these six, three occupy the three lowest places, 
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while the other three come ninth, eleventh, and twelfth on the list as 
arranged in order of diminishing swelling. The average swelling for the 
six subjects was only 58 c.c. or 1-7 p.c., while the average for the other 
ten was 98 c.c. or 3:1 p.c. 


Tastz IV. Relation of height and “training” to swelling. 


Bad training Not in training In good training 
No t swelling No Height swelling No Height swelling 
1 6’ 1” 3-9 2 6’ 0” 3-6 9 6’ 2” 2-7 
3* 5 5” 3-5 5 6’ 0” 3-2 ll 6 1” 2-3 
4 5’ 11” 3-4 7 6’ 0” 2-9 12 6’ 2” 2-2 
6 5’ 8” 3-0 8 5’ 5” 2-9 14 5 10” 1-7 
10 5’ 9” 2:3 15 5’ 6” 13 
16 5’ 11” 0 
* This subject was in extremely bad training. 


From this table we have excluded subject No. 13 who had thin and very tightly knit 
ankles and calves. This is possibly why, although he was 6’ 4” high, he only swelled 2-1 p.c. 


In Table IV the subjects are arranged in three groups according to 
their degree of training. In each group it is seen that the tallest members 
show the greatest percentage swelling. | 


THE MECHANISM OF THE POSTURAL SWELLING. 


The mechanism that controls the equilibrium between the plasma and 
the lymph fluids is complicated; and the factors entering into it are so 
numerous and interdependent that it is impossible sufficiently to isolate 
any one of them for individual analysis. 

In changing from the recumbent to the erect position the following 
processes must take place: 

1. The hydrostatic pressure in the veins of the legs increases. The 


Increase will be equal to the pressure of the column of fluid extending up 


to the heart*, except in so far as it is modified by (a) the venous valves 
which here and there may partially break the column, (6) the pump-like 
action of the heart and of the respiratory excursion, and (c) the some- 
what similar action of the voluntary and involuntary contractions of the 
muscles of the leg. It is probable that the resultant effect of (a) and (5) 
are, on the whole, fairly constant from one normal individual to another. 
The effect (c), however, will depend on the practice a subject has had in 
standing with legs relaxed. In general one would therefore expect a 
subject’ to swell more the taller he is, provided his legs are properly 
relaxed. 
1 Experiments by Carrier and Rehberg cited by Krogh [1922]. 
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2. The increased hydrostatic pressure in the legs results in the © 
passage of fluid through the capillary walls into the lymph spaces, which 
further implies a concentration of the plasma proteins and an increase in 
the plasma-osmotic pressure. This last of course will tend to check the 
passage of fluid into the lymph spaces. _ 

3. It is possible that the lymph spaces of the normal individual have 
a fairly definitely limited capacity. After a certain amount of fluid has 
exuded into them they become, to some extent, tense; and the back 
pressure thereby exerted enters as another factor in checking the further 
passage of plasma fluid through the capillary wall. It is reasonable that 
the capacity of the lymph spaces and their ability to swell depends on the 
looseness of the tissues, on the lack of muscular tone, and on the flabbi- 
ness of the fascial layers, the subcutaneous tissues and the skin. In other 
words, individuals with fat, “flabby” legs should tend to swell more than 
individuals with thin and tightly-knit ankles and calves. It is possible, 
therefore, that by increasing the muscular tone and diminishing the 
looseness and flabbiness of the tissues athletic training enters as a factor 
to check swelling. | 

Since, unfortunately, it is impossible quantitatively to express degrees 
of “training,” of muscle tone, or of tissue tautness, one cannot expect to 
find more than quite loose correlations among the measurements. 

It is possible that in the erect. posture stagnation of the blood in the 
lower extremities may play a part with the increased hydrostatic pressure 
in promoting swelling of the leg and loss of plasma volume. Stagnation. 
results in anoxeemia, acidosis, and an accumulation of metabolitis, and 

this may increase the capillary permeability. None of the subjects 
showed signs of stagnation or cyanosis in the feet, and it is doubtful 
whether in normal individuals the slight stagnation that may be present 
would be sufficient appreciably to effect capillary permeability. It is 
possible, however, that in individuals with an impaired circulation the 
additional stagnation due to the stationary erect posture may play an 
important part in producing pathological degrees of swelling. 

SUMMARY. 

Observations indicating changes in blood volume and in the composi- 
tion of the blood, that are dependent on posture and which have been 
interpreted as implying a leakage of plasma fluid into the tissues of the 
lower extremities in the erect posture, have led us to investigate changes 


in the volume of the leg with change of posture. _ 
1 Cf. Krogh (1922, pp. 126-134]. 
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described. 

Tt is found: 

1, That muscular contraction and relaxation respectively result in an 
emptying and filling of the veins which produces shrinkage and swelling 
of the leg. 

2. That this shrinkage and swelling is quite independent of the 
volume changes that correspond to changes in the posture of the subject. 

3. That the volume changes in the leg, corresponding to changes of 
posture, are of the order of magnitude to be expected from the blood- 
volume changes. 

4, That the volume changes are apparently due to an actual cedema 
of the tissues. | 

5. That the volume changes in the leg are greatest in subjects that 
are (a) tall, (b) in poor training and (c) have fat and flabby legs; and are 
least in subjects who are (a) short, (6) in good training and (c) have thin 
and tightly-knit ankles and calves. 


In conclusion the Author wishes to express his gratitude and in- 
debtedness to Dr G. A. Harrop, in whose laboratory the work described 


in these two papers was carried out, for his valuable advice and many 
helpful suggestions. | 
Nore. | 

Since this paper was presented for publication a paper has appeared (Turner, A. H., 
Newton, M. L., and Haynes, F. W. (1930)] in which are given some observations, in a 
series of normal women, on the swelling of the legs in the erect posture. The swelling was 
observed while the subject stood in a tank of water for 15 minutes. The swelling found was 
on the average 175 c.c. or 1-9 p.c. in winter, and 256 o.c. or 3-4 p.c. in summer. Since it is 
stated that a large part of the swelling (about 100 c.c.) occurred in the first half minute, it 


* would seem that the swelling observed is the sum of the two effecte—the filling of the veins 


and that part of the postural effect proper that occurs in the first 15 minutes. In view of 
the finding by these authors of a seasonal difference it should be noted that all my observa- 
tions (except the preliminary testing out of the apparatus and method) were made during 
the winter in Baltimore. 
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POTENTIAL CHANGES IN THE ISOLATED NERVOUS 
SYSTEM OF DYTISCUS MARGINALIS. 


By E. D. ADRIAN. 


(From the Physiological Laboratory, Cambridge.) 


In a recent paper Adrian and Buytendijk [1931] described the 
changes of potential which may appear in the isolated brain stem of the 
goldfish. The most noteworthy are the slow rhythmic waves originating in 
the vagal lobes and due apparently to the spontaneous activity of the f 
respiratory centre. These are of interest first because they show that in | 
certain neurones alternate periods of rest and activity can occur in the Shee 
 &§ absence of any afferent stimulation, and second because the contour of | 
the potential waves suggests that each is due, not fo the overlapping of | 
— repeated impulses in different fibres, but to the slow rise and fall of a : | : 


single period of activity in a group of nerve cells. Sherrington’s work 
has drawn attention to the prolonged states of activity which can occur in 
the central nervous system, and prolonged activity in a nerve cell and its 
dendrites would be likely to involve a slow potential change of the type 
found in the goldfish. If this suggestion could be confirmed we might be in 
a better position to deal with some of the problems of central activity, but 
_ the difficulty is to exclude the alternative possibility that the waves are 
merely summation effects due to repeated impulses. | , * 
To decide how the potential changes are built up we must somehow | 
restrict the number of units which can contribute to them. This might be 
done by a very small electrode system like that used by Adrian and 
Bronk [1929] for muscle, but before attempting to develop such a method 
a it seemed worth while to look for similar changes of potential in prepara- 
— tion of the central nervous system containing relatively few nerve , 
elements. Until we can work with a single unit it will be impossible to 
rule out all chance of summation effects; the present observations are 
little more than a survey of fresh ground, but at least they show that the 
results obtained from the goldfish brain are duplicated in much smaller 


For work of this kind the central nervous system of an insect seemed 
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likely to give the most suitable material. The nerve cells in insect ganglia 
_ are not much smaller than those in the vertebrate and the number in- 
| volved in a given movement must be very much less. Some preliminary 
work on the central nerve cord of the caterpillar [Adrian, 1930 6] had 
shown that the action currents in individual nerve fibres stand out very 
clearly in records of the nerve discharge and that the isolated ganglia 
remain spontaneously active for long periods. In the caterpillar, however, 
this spontaneous activity is of a kind which does not admit of much 
analysis. An isolated ganglion may continue to discharge for many hours, 
| but as a rule the succession of impulses varies very little from moment to 
p moment, and as there are no well-marked changes in the activity of the 
nerve cells we should not expect to find corresponding potential changes 
(other than those associated with each impulse). If the nervous system is 
not completely isolated from the body central activity can be induced by 
stimulating receptors, but the possibility of slight movements of the pre- 
| paration on the electrodes introduces a source of error, and to begin with 
a it seemed best to look for some kind of activity which would occur spon- 
taneously and periodically in the isolated nervous system. 

It is well known that the rhythmic breathing movements of insects are 
still carried out after destruction of the higher centres, and on the analogy 
of the goldfish brain it seemed likely that periodic respiratory discharges 
would occur in certain insect ganglia. They were found without much 
difficulty. The choice of material was restricted by the onset of winter and 
the only insects examined have been the Water Beetle (Dytiscus margi- 
nalis), the Dragon Fly larva (Aeschna) and the Cockroach (Periplaneta 
orientalis). Of these the water beetle was the only one which could be 

: relied on to show periodic discharges from an isolated portion of the 
+ nervous system, but they have occurred occasionally in the other insects. 


PREPARATION. 


anatomy of the nervous system of Dytiscus has been worked out in 
detail by Holste [1910]. The cential chain of ganglia is arranged in the 
usual way, the last six ganglia being fused into a short column about 
¢ 3 mm. long. The preparation consisted either of these abdominal ganglia 
with a bundle of peripheral nerves attached to them or, more often, of the 
abdominal chain with the second and third thoracic ganglia as well. The 
actual size of the preparation is shown in Fig. 1. 

The ganglia can be reached without difficulty by a dorsal incision. The 
head is crushed, the abdomen opened from above and the viscera removed, 
ae exposing the abdominal chain and the nerves running to the ventral 
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muscles and the caudal region. The nerves are accompanied by tracheal 
tubes which are stout enough to protect them from damage on removal. 
A silk ligature is passed underneath the nerves and tied so as to include all 
the larger trunks for a length of 3 mm. or more. The thoracic ganglia are 
then exposed, the chain is cut above the mesothoracic ganglia and the 
preparation of ganglia and nerves is removed from the body and placed in 
Ringer’s fluid (0-6 p.c. NaCl) or slung on two non-polarizable electrodes 
ending in cotton-wool pads or threads soaked in Ringer. 

The electric recording system does not differ from that used by 
Adrian and Buytendijk except in the design of the amplifier. This is 
described in an Appendix. The electric changes are photographed with a 
Matthews oscillograph and converted into sound waves by a subsidiary 
amplifier and loud speaker. Records are made with two cameras which 


Abdominal Thoracic 
ganglia ganglia 


Nerve bundle 32 


Actual size 
“Fig. 1. Preparation of isolated nerve cord of Dytiscus marginalis. 


can be used simultaneously for high or low speeds, and the oscillograph 
deflections are observed with a rotating mirror giving an equivalent speed 
of 24 metres a second. The larger deflections shown in most of the figures 
are of the order of 0-1 millivolt, and the oscillograph system is usually 
shunted to 4-;1, of its full sensitivity. 

If examined immediately after removal the isolated preparation shows 
great electrical activity, but usually the activity is of the same kind as 
that found in the caterpillar. A constant succession of impulses passes up 
and down the chain and down the nerve bundle, and although the dis- 
charge in the individual nerve fibres is by no means uniform the total 
activity shows no great variations from moment to moment (Fig. 2 A). 
Some of this activity is probably due to injury, the cutting of sensory 
nerve fibres and the manipulation of the ganglion chain, but it is not 
maintained by an influx of impulses from the damaged sensory fibres, for 
_ the nerves by themselves are quiet and only discharge at the moment 
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when they are cut; nor is it due to the passage of grid current from the 
first valve through the preparation, for it is not affected by placing con- 
densers in either lead. Within an hour or two some of the initial activity 
has subsided and periodic discharges begin. At first they occur occasion- 
ally in groups of two or three at a low frequency (3-6 a minute) with long 
pauses between, but later the frequency may rise to 15 a minute and there 
are fewer breaks in the rhythm. An example of the discharge recorded in 
the nerve bundle is given in Fig. 2 B. In about one-third of the prepara- 
tions these periodic outbursts have never appeared, but once they have 

begun they continue as a rule for an hour or more. They may cease tem- 

porarily when the preparation is irrigated or rearranged on the electrodes, 


Fig. 2. Spontaneous discharges from isolated nerve cord. A, soon after setting up, before 
_ periodic outbursts have developed. B, after immersion in Ringer for an hour. Periodic 
: outbursts every 6 seconds. Records made from terminal nerve bundle. 


and sometimes the rhythm is never perfectly regular. But the time rela- 
tions of the outbursts in different preparations are still sufficiently - 
characteristic to mark their common origin. : 


Nature OF PERIODIC DISCHARGE. 


Whatever the nature of these outbursts, it would be worth examining 
the potential changes in the ganglia to see what happens as the waves of © 
activity rise and decline. There can be very little doubt, however, that 
they, like the rhythmic waves in the brain stem of the gold fish, are 
y intimately concerned with the movements of respiration. In Dytiscus the 
muscles used in respiration are those of the metathorax and abdomen 
[Bauer, 1910], and the movement is carried out by successive contrac- 
tions of different muscle groups. Respiration is altered in rate when the 
cephalic and prothoracic ganglia are destroyed, but is not seriously im- 
paired as long as the metathoracic ganglion is intact [Babak, 1912], and 
sometimes the abdominal ganglia alone can produce normal movements 
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[Plateau, 1882]. Babak gives the rate of respiration in the intact, 
resting animal in air as 4-5 a minute or less and there may be pauses 
of several minutes following a group of respirations. In the stimulated 
animal and after decapitation it may rise to 16 a minute. These rates 
agree with that of the periodic discharge from the ganglia, whereas the 
rhythmic movements of locomotion have a much higher frequency. 


The agreement can be shown most clearly by recording the electrical 
activity of the respiratory muscles before the removal of the ganglia. 


When the head is cut off and the abdomen and thorax opened, electrodes 


Fig. 3. Action currents from abdominal and thoracic muscles, obtained by thread electrodes _ 


on exposed tissues. A, B, C, records made at }-hour intervals showing periodic out- 
bursts at intervals of 10, 6 and 4-5 seconds. D, another preparation. Action currents 
in an individual outburst. In the first second a single motor unit is in action. The 
frequency in this unit has begun to decline before the others begin. 


placed on the exposed tissues will pick up the action currents from neigh- 
bouring muscles, and as a rule the records are surprisingly simple. 
Dytiscus has a complex muscular system, but the individual muscles are 
very small and Mangold [1905] has shown that in related forms an entire 
muscle is usually supplied by two or three nerve fibres. Consequently the 
entire muscle contains only two or three motor units as against the 500 or 
so in each of the leg muscles of the cat [Eccles and Sherrington, 1930]; 
thus the action current record will show each sequence of impulses even 
though several muscles may be in contraction. 

Immediately after the dissection there is often a persistent series of 
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impulses in the abdominal muscles at a low frequency (up to 20 a second) 
the records resembling those from a vertebrate muscle in postural contrac- 
tion; but if the preparation is left undisturbed periodic discharges soon 
begin with the characteristic frequency of respiration. The records in 
Fig. 3 A, B, C were made at intervals of half-an-hour and illustrate the 
gradual increase in frequency. An increase over the same range is also 
found in many of the isolated ganglion preparations. 

The arrangement of the impulses in a single outburst can be seen 
from Fig. 3D, The impulses in different muscle-fibre groups are clearly 
distinguishable by their size, and there is usually an initial rise and a 
final fall in frequency in each series’. In fact,.the whole picture differs 
very little from that obtained from the respiratory muscles of a verte- 
brate with needle electrodes, though it must be remembered that in 
Dytiscus the three or four motor units in action probably represent the 
entire respiratory activity on one side of the animal. 

A comparison of these records with those made from the isolated ganglia 
shows that there is a close correspondence between the respiratory move- 
ments and the ganglion discharge both as regards the duration of each 
active period and the frequency at which they recur. The proof of their 
common origin would be more satisfactory if it had been rounded off by a 
study of the effects of different oxygen tensions, but it seemed unlikely 
that the effects could be developed rapidly enough to make a comparison 
of much value. 

POTENTIAL CHANGES IN GANGLIA. 


The potential changes in the ganglia at each outburst are of such slow 
onset and long duration that something must be said about the method 
used to record them. In the earlier experiments the amplifying valves 
were coupled by condensers (the usual resistance-capacity arrangement). 
This is the most convenient system for potential changes as rapid as nerve 
or muscle action currents, but its ability to record slow changes is limited 
by the size of the condensers and grid-leak resistances. Owing to the 
leakage of the charge impressed on each condenser a potential difference 
established suddenly at the input and maintained at a constant value is 
recorded by a deflection which falls off exponentially, and if the fall is 
allowed to take place and the potential difference at the input is then 
abolished there will be a sudden deflection in the opposite sense followed 
by a gradual return to the original base line. By the use of 4 microfarad 

r The change in frequency is shown more clearly in records from the nerves of the cater- 


pillar [Adrian, 19306]. The outbursts in Fig. 3 probably represent movements in several 
muscles coming into action at different times. 
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condensers and 3 megohm grid-leaks in the earlier stages of the amplifier 
the system was arranged so that the deflection would take slightly over 
2 secs. to fall to half its initial value. A calibration curve is given in 
Fig. 4 A. The amount of distortion introduced was not serious enough to 
obscure the main result and many of the following records were made 
with this system, but eventually it was decided to avoid all possibility of 
distortion by building a new amplifier with direct coupling between all the - 
stages. This is described in the Appendix, but it will be seen from the 
calibration curves in Fig. 4B and C that it may be trusted to give a 
correct reproduction of the slowest potential changes in the input circuit. 


Fig. 4. Calibration curves. A, condenser-coupled amplifier working at 4 maximal sensi- 
tivity. Potential change = 20 microvolts. B, direct-coupled amplifier (PM3A valves 
in first unit) maximal sensitivity. Potential change=10 microvolts. 50,000 ohms in 
input circuit. C, Ditto, 2, maximal sensitivity. Potential change= 100 microvolts. 


The effect of including a part of the chain of ganglia in the electrode 
circuit is shown in Fig. 5. The arrangement of the leads in this experi- 
ment is given in the diagram below. The electrodes (silver, silver chloride, 
Ringer) end in pads of cotton-wool or thick worsted threads, and the 
preparation rests on these with a short length either of the nerve bundle 
alone or of the bundle with one or more of the ganglia bridging the gap 
between the pads. The effective leads are therefore at the margin of each 
electrode. In Fig. 5 A both leads are on the nerve bundle, and even at the 
height of the discharge there is no appreciable shift of the base line. In 
Fig. 5 B the last abdominal ganglion is included in the circuit and there is 
now a slow deflection corresponding to each outburst. Fig. 5 C and D 
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show the individual outbursts in another record from the same prepara- 
tion made at a higher speed. The nerve impulses are easily distinguished, 
and it will be seen that the slow change is in the same direction as the first 
phase of each nerve action potential, i.e. that the ganglion becomes 
negative with respect to inactive nerve. A result of this kind has been 


A&C B&D 


Fig. 5. Potential changes during periodic outbursts with electrodes on nerve only or on 
nerve and sixth abdominal ganglion. Condenser-coupled amplifier. A, both electrodes 
on nerve. B, electrodes on ganglion and nerve. C, single outburst. Electrodes on nerve. 
D, on ganglion and nerve. Arrangement of electrodes shown in diagram below. 


found in every preparation which gave periodic outbursts, that is to say it 
has always been possible to find some region in the ganglion chain which 
develops a sustained negative potential with respect to the nerve. In 
some preparations the outbursts seem to originate in the abdominal 
ganglia, the thoracic ganglia (which are more liable to damage in dissec- 
tion) giving an irregular discharge. When this occurs the regular slow 
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deflections are obtained only when a part of the abdominal chain is 
included. between the leads and they persist after the thoracic ganglia 
have been destroyed. In others the thoracic ganglia determine the dis- 
charge; rhythmic outbursts of impulses pass from them down the nerve 
cord to the abdominal ganglia, and corresponding outbursts pass down 
the terminal nerve bundle. The slow deflections are then obtained by 
leading either from the thoracic ganglia and the nerve cord or from the 
abdominal ganglia and the nerve bundle. In this case the destruction of 
the thoracic ganglia puts an end to the rhythmic outbursts, though after a 
time they may begin again from the abdominal ganglia. 


Fig. 6. Records from ganglia and nerve made with direct-coupled amplifier to show true 
wave forms. A and B, sixth abdominal ganglion and terminal nerve bundle. C, meta- 
thoracic ganglion and nerve cord. Single discharge. In A and C the downward 
movement of the base line indicates negativity of the ganglion. In B the movement 
is upward as the leads are reversed. 


The form of the slow deflection and its relation to the impulse dis- 
charge varies to some extent in different preparations. The wave may 
show a double crest as in Fig. 5, but often when the rhythm is well de- 
veloped the potential rises and falls along a simple curve as in the records 
in Fig. 6 which were made with the direct-coupled amplifier. When the 
rhythm is uncertain the waves and the accompanying nerve discharges 
may be of more complex form (Fig. 7). 

In many preparations the presence of a constant irregular discharge 
in the nerve bundle makes it difficult to say exactly where the periodic 
outburst begins, but when this can be done it can be seen that the slow 
deflection begins well before it (cf. Fig. 8). With the condenser-coupled 
amplifier a rise of the base line may be due to the recharging of the con- 
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Fig. 7. Examples of complex wave form, all from sixth abdominal ganglion and nerve 
bundle. A and B show single outbursts with two crests. C shows a succession of waves 


of increasing size. 


Fig. 8. Records showing the slow potential change beginning before the nerve discharge in 
four preparations: all from sixth abdominal ganglion, condenser-coupled amplifier. 
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denser: it can only be accepted as evidence of a potential change in the 
ganglion when the waves are separated by intervals in which the base 


line remains horizontal, but this is true of most of those in Fig. 8, and in 


records made with the direct-coupled amplifier there is the same appear- 
ance of the slow deflection before the nerve discharge. A long interval 
between the beginning of the deflection and of the outburst is not an 
invariable rule, for in preparations which have not developed the rhyth- 
mic response there are often sudden outbursts which follow almost im- 
mediately on a rapid potential deflection, but it is still true that the 
deflection starts before the impulses. 

The nerve discharge is at its maximum somewhere about the time 
when the potential difference is greatest, and in general the rise and fall 


of the slow deflection is paralleled by the increase and decrease in fre- 


quency of the nerve discharge. Apart from the sudden excursions due 
to the entry of each impulse into the nerve the curve rises and falls 
smoothly. Small, rapid irregularities may appear with higher amplifica- 
tion (in most of the records shown the amplifier is usually shunted to 
4—}, of its maximum sensitivity), but these are no more prominent during 
the waves than in the intervals between them. In cases where the de- 
flection begins a second or more before the impulses no sounds are heard 
in the loud-speaker to indicate the onset of rapid fluctuations of potential, 
although the amplification is great enough to detect much smaller 
changes than would appear in the photographic records. There is in fact 
no sign that the sustained potential is built up by the fusion of a number 


of rapid changes in the ganglion. 
Discussion. 
Nature of slow potentval changes. 


The results agree with those of Adrian and Buytendijki in ries 
that isolated preparations of the central nervous system develop thyth- . 


mic changes of potential with the characteristic frequency of the respira- 
tory movements. They go further in showing that the potential wave is 


- accompanied by a discharge of impulses in the motor nerve fibres, that it 


may begin an appreciable time before the impulses appear in the nerve 
and that the potential change is a relatively smooth process even though 
the number of units in action must be very small. We cannot tell how 
much of the nervous apparatus in the ganglia comes into play, but the 
nerve discharges are often so simple that only two or three fibres can be 
involved (cf. Fig. 8 C), and although some of the nerves which leave the 
ganglia may have escaped inclusion in the nerve bundle it is unlikely that 


yar’ 
~ 
2g 
& 
ig 
a 


POTENTIAL CHANGES IN DYTISCUS GANGLIA. 143 


| they would add more than a few active fibres. It is possible that the dis- 


charge would appear earlier in these than in the fibres in the nerve bundle; 
if so the beginning of the slow change and of the nerve discharge may — 
coincide more nearly than appears from the records. But precautions 
were taken to avoid cutting any nerves close to the ganglion, and the 
action potentials in the nerve fibres are so large that they could hardly 
escape notice even though the nerve stumps were cut very short. In any 
case the slow deflection is clearly due to something which occurs in the 
ganglion but not in the nerve fibres themselves, for it is absent when both 
electrodes are on the nerve bundle and it is absent both with diphasic and 
with monophasic recording. With the latter an intense discharge may 
cause a rapid excursion of the base line when impulses occur in very close 
succession in several fibres, but the total frequency of the impulses would 
have to be many times greater to give anything like the gradual rise and 
fall which occurs when the ganglion is in the circuit. 

We cannot exclude the possibility that the gradual rise of the © 
base line may be due to repeated impulses travelling slowly through 
multiple pathways in the dendritic regions and increasing in number from 
moment to moment, or leaving a persistent negativity which is increased 
by the passage of each impulse. The main argument against such an 
origin is the absence of definite steps in the curve, and this alone is scarcely 
conclusive. On the other hand, the whole trend of recent work supports 
the view that sustained activity may occur in the nerve cells or dendrites 
and if such states do occur they would be accompanied, almost inevitably, 
by sustained potentials of the type shown in the present records. The 
hypothesis suggested by Adrian and Buytendijk assumes that a slow 
development and decline of the active state involves a slow increase and 
decrease. of permeability in the dendritic region (or a slow depolarization 
and recovery), and that this will set up a repeated discharge of impulses 
in the axon. The active dendritic region would develop a negative poten- 
tial with respect to the axons, and an impulse discharge would be pro- 
duced in much the same way as that produced by an injured region in a 
sensory nerve fibre (Adrian, 1930q). 

The hypothesis as it applies to the Dytiscus preparation is summarized 
in the diagrams in Fig. 9. The composite potential change which would be 
obtained by leading from the ganglion and the nerve bundle is shown 
below, and the agreement between this and the actual records need not 
be further emphasized. It is not suggested that the potential change in 
each neurone corresponds exactly with the potential wave in the ganglion, 
but merely that its time relations are of the same order—and this will 
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only apply where the wave and the nerve discharge are of simple form. 
When the wave has a double crest it may well represent the activity of 
_ two distinct sets of neurones (possibly those concerned with inspiration 
and expiration): in fact the more complex the activity the less can we 
infer about the make-up of the potential wave. 

The sustained potential difference most probably occurs between the 
central mass of dendrites in the ganglion and the axons which arise from 
this mass. As in most insects the nerve cells are arranged round the peri- 
phery, they are mainly pear-shaped and send a single axon towards the 
centre of the ganglia'. Zawarzin [1914] has described the structure of 


Mi change due to prolonged 
activity of dendrites 

change due to impulses. 
» travelling from B to C 
al , Combined effect with — 
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Time | 
Fig. 9. Suggested origin of slow potential wave from slow development 
and decline of the active state in the dendrites. 

the cells and dendrites in the optic ganglion of the Dragon Fly (Aeschna), 
and here at some distance from the cell body the axon sends off numerous 
lateral dendrites which.aborize with those of other neurones. Hilton’s 
diagrams [1911] of the nervous connections in the ganglia of Corydalis 
cornuta shows the same kind of arrangement, the cell bodies remaining 
outside the common meeting ground. Bethe’s experiment on Carcinus 
makes it unlikely that the cell bodies are essential to the orderly working 
of the central nervous system and presumably the important changes 
take place in the dendritic mass. 

+ A rough estimate of the number of nerve cells in the last abdominal ganglion of - 
Dytiscus was made by cutting serial sections and counting the nuclei in each. The total 
number was 380 (+ 40). In the metathoracic ganglion it was 330 (+ 20). 
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Relation of potential change to central excitatory state. 

The hypothesis outlined above makes two assertions. The first is that 
during the periods of activity a potential gradient is developed in each 
neurone between the dendrites and the axon and that it persists as long 
as the activity continues. The second is that the potential gradient plays 
an essential part in causing the discharge of impulses in the axon. Neither 
of these assertions conflicts with the known properties of excitable tissues, 
for there are good reasons for supposing, first, that activity in general 
induces a surface depolarization and a consequent potential gradient 
between the active and inactive parts of the cell, and second, that the 
potential gradient is an important factor in causing the depolarization to 
spread to inactive parts. 

But changes of polarization are not the only factors which we have 
to consider. Adrian and Buytendijk suggested that a cyclical surface 
change might account for the periodic activity in the respiratory neurones 
of the goldfish, but it should have been made clear that the cyclical 
change is probably something quite different: from a change of polariza- 
tion. The position may be illustrated by comparing the periodic activity 
of the ganglia with the periodic beat of the heart. Both in the frog’s 
heart and in the ganglia of Dytiscus we may find periods of electric 
activity separated by intervals in which no potential change occurs, 
although precautions are taken to lead from the region where the beat 
starts. For instance in Fig. 10 the upper record is from a Dytiscus pre- 
paration and the lower from a small fragment of the frog’s sinus. Both 
were made with the direct-coupled amplifier. The potential waves begin 
suddenly and in the sinus a fortyfold increase in the amplification failed 
to show any significant rise or fall of potential in the interval between the 
beats. But in these intervals some preparatory change must be leading 
up to the beat and according to Ishikawa [1924] the excitability of the 
sinus to electrical stimulation continues to increase throughout the in- 
terval. Gasser and Erlanger [1930] have recently shown that a nerve 
behaves in the same way, the increase of excitability during the relative 
refractory period bearing no fixed relation to any potential change. Thus 
in the sinus and in the recovering nerve the excitability may increase 
without any corresponding change in surface polarization. In both these 
cases the increase in excitability takes place during the recovery which 
follows a period of activity, but an increase of excitability without 
electrical change can also take place in resting tissue subjected to external 
stimulation. An inadequate stimulus applied to a nerve causes a transient 
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rise of excitability but there is no potential change, and with an adequate 
stimulus the potential change begins suddenly after the lapse of an 
appreciable time [Bishop, 1927]. 

Presumably in the Dytiscus ganglion and in the brain stem of the 
goldfish a preparatory change comparable to that in the heart goes 
forward in the intervals between the active periods: the depolarization 
- does not begin until this change has reached a threshold value. And 
since it is likely that in normal activity the depolarization at any point 
on the cell surface is always the result of a “local excitatory process” 
like that produced by an external stimulus, we may infer that afferent 
impulses produce their effects on the motor cells through the mediation 


Fig. 10. To show absence of potential change in the interval between the active periods. 
Both records made with direct-coupled amplifier. A, Dytis tion. Abdominal 


ganglion and nerve bundle. B, fragment of sinus venosus of frog placed on a glass slide 
between electrodes. By increasing the amplification it was found that in the intervals 
the total potential change was less than x}, of that occurring during the active periods. 


of a similar process which is not itself a depolarization. At any rate it 
is clear that we cannot equate the rise and fall of the potential wave with 
the rise and fall of the “central excitatory state” in Sherrington’s 
sense. When this reaches the threshold value the depolarization will 
begin, but as long as it is sub-threshold the changes which are taking 
place would be unlikely to produce any electrical manifestation. 

The notion of a preparatory change leading up to depolarization does 
not conflict with the view that the discharge of impulses is caused by the 
potential gradient between dendrites and axon. The gradient would act 
as a continued stimulus, whether it causes depolarization directly or 
through an intermediate reaction. In Lillie’s iron-wire model an area of 
persistent activity sets up a succession of impulses in the wire [Lillie, 
1929], and the persistent discharges in injured nerve fibres seem to 
depend on the same mechanism. There is, of course, no need to postulate 
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a steady potential gradient to account for the rhythmic heart beat or the 
periodic activity of the nerve cells. In these after each outburst the ex- _ 
| __ eitability may rise progressively until it exceeds the threshold value and 

causes a fresh depolarization, whereas in the axon there is a return of 

| excitability after each impulse, but the threshold level is never reached 
unless a further stimulus is added. If we may take the records in Fig. 8 
at their face value it would appear that a very slight degree of depolari- 
zation is not a sufficient stimulus, for the impulse discharge does not 
4 begin until the potential change exceeds a minimal value. Occasionally 

: the discharge continues at a low frequency after the potential wave is 
| over, but the records in which this occurs (e.g. Fig. 8 C) were made with 
the condenser-coupled amplifier and the decline of the wave may be due 
in part to amplifier distortion. 

It may be noted that slow potential changes in the opposite direction 
(ganglion positive to nerve) have never been found. It is conceivable 
that they might occur during inhibition: but either they do not, or else 
inhibitory states have not occurred and some change of technique will 
be ‘needed to induce them. There should be no difficulty in devising a 
preparation in which central activity can be evoked by stimulating re- 
ceptors or afferent nerves, and it should then be possible to see how far 
the intensity and rate of development of the potential wave can be varied 
| __ by controlling the afferent messages. But apart from this it is not certain 

: that we shall learn much more from the potential changes in the ganglia 
than we can from the impulse discharges to the muscles. Slow waves of 
depolarization and repair seem to be the immediate cause of the motor 
discharge, but the initial excitatory reaction remains the most important 
link between afferent and efferent pathways. 


SUMMARY. 


1. The nerve ganglia of insects show considerable spontaneous 
activity when completely isolated from the body. The discharges in in- 
| dividual nerve fibres can be detected without difficulty by amplifying the 

potential changes. In the thoracic and abdominal ganglion chain of 
Dytiscus marginalis periodic outbursts may occur with the characteristic 
frequency of the respiratory movements. 

2. When these outbursts take place the ganglia develop.a sustained 
negative potential with respect to the nerve. The potential change 
develops slowly and lasts throughout the period of discharge. It is absent 
in records made with both electrodes on the nerves. 
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3. The slow potential waves begin before the corresponding nerve 
discharge, but the frequency of the discharge is usually at its maximum 
when the potential change is greatest. The change proceeds smoothly and 
does not appear to be due to a summation of repeated active periods in 
different units. 

4, The waves are most probably due to a progressive depolarisation 
and recovery in the dendritic region of the ganglia, the nerve discharge 
varying with the depolarization. The same explanation was suggested 
by Adrian and Buytendijk to account for the slow potential waves in 
the brain stem of the goldfish. 

5. As with the heart beat, the active periods in the ganglia are sepa- 
rated by intervals in which no potential change occurs. It is probable that 
the development of the “central excitatory state” in the respiratory 
neurones is not associated with any surface depolarization until it has 
reached a critical value. 

6. The contractions of the body muscles in Dytiscus, and in other 
insects, are due to trains of motor impulses which rise and decline in 
frequency in much the same way as in vertebrate muscles. Owing to the 
small number of motor units involved in any contraction each impulse 
series can be readily distinguished. 

7. A direct-coupled amplifier has been designed for use with the 
Matthews oscillograph. | 


of the Royal Society. | 


APPENDIX. 
A direct-coupled amplifier for use with the Matthews oscillograph. 


_ When several amplifying valves are used in cascade the anode of each valve is coupled 
to the grid of the next by some device which will keep the average potential of the grid at a 
low value in spite of the high potential of the preceding anode. The coupling device usually 
takes the form of a condenser or transformer, but the same result can be secured by inter- 
posing a battery. The amplifier is then completely aperiodic, i.e. it will give an undistorted 
version of input changes of any duration, whereas with the other systems the maximum 
duration is limited by the nature of the coupling. Amplifiers with battery or “direct” 
coupling have been used in physiological work by Chaffee, Bovie and Hampson [1923] 
and by Harris [1928]. The present amplifier uses the circuit adopted by the former, each 
valve having only one battery connected to its anode and the connection to the next grid 
being made from some point on this battery. This system reduces the number of batteries 
required and avoids any possibility of back-coupling, though the alternative arrangement 
with a common high tension supply may involve less preliminary adjustment. - 

With the valves available at present the smallest input changes which can be dealt with 
usefully are of the order of 2-3 microvolts, whatever the method of coupling may be. This 
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- limit is set by the fact that there are rapid irregular fluctuations in the anode current (“shot 
effect,” etc.), apart from any impressed changes, and these produce movements of the base 
line equivalent to changes of 1-2 microvolts at the input. The magnitude of the disturbance 
depends on the nature and temperature of the cathode, the resistance in the input circuit, 
ete., but a sensitivity which will show a change of 2-3 microvolts is more than enough for 
most physiological work. To attain this sensitivity with the Matthews oscillograph as re- 
cording system the input change must be amplified about 250,000 times before it is im- 
pressed on the pentode output valves. This can be most conveniently done by four valves 
each giving a voltage amplification of 20-25. 

The amplifier was built in two units of two valves each, connected as shown in Fig. 11. 
The first unit is housed in an anti-microphonic lead case which also contains the first unit 
of a condenser-coupled amplifier. A potential divider or volume control is arranged be- 
tween the two units. It consists of a tapped resistance with a total value of one megohm, 


P, 
j Js 
= 1 = 
S Forth | arth 
Fig. 11. 


the tappings being arranged so that a known fraction of the total potential change is 
applied to the grid of the next valve. By changing two connections it can be used with 
either the direct or the condenser-coupled amplifier. The grid of each valve is brought to 
the correct average potential by altering the battery tapping and by potentiometers (P,, P,, 
etc.), but a neater method of adjustment is to vary the anode resistance. This method is used 
in the first stage (R,) and might well have been used throughout if suitable resistances had 
been available when the amplifier was built. The anode (plate) current taken by each valve 
is measured by plugging a milliameter into the jacks J,, J,, etc., and the adjustments are 
varied until the anode current is that corresponding to a grid potential of about 1} volts 
negative to the filament. The main adjustments need not be altered unless a valve is 
changed, but the fine adjustments R, and P, are in continual use throughout an experiment 
to compensate for changes in the input potential; they and the volume control V are placed 
at the right-hand side of the preparation box where they can be readily manipulated. A 
lead is taken from the output of the first unit through a condenser to the subsidiary ampli- 
fier which drives the loud-speaker. The output of the second unit is connected directly with 
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the grids of the four pentode valves which are in series with the oscillograph coils and the 
connections are so arranged that it takes very little time to change from the resistance 
capacity to the direct-coupled system and vice versa. 

The four anode batteries give respectively 160, 216, 108 and 108 volts. The first is a 
small accumulator battery of 5000 milliampere hours capacity (C.A.V.), the others are dry 
cells, With these potentials the full range of useful amplification is obtained by using Mazda 
AC/HL valves in all four stages. The deflection then equals 1-5 mm. per microvolt and the 
fluctuations in the first valve are not enough to obscure an input change of 2-3 microvolts 
with 100,000 ohms in the circuit. But at these high amplifications a direct-coupled amplifier 
suffers from the defects of its qualities. Since it can amplify very slow as well as very rapid 
changes it will be affected by any slow change in the operating conditions of the first valve. 
When the heating current is turned on, a gradual change in the temperature of the valve 
causes a slow creep of the base line which may continue for half an hour or more if the valve 
is indirectly heated by a heavy current. For this reason Mullard PM3A valves (directly 
heated) are generally used in the first two stages though the amplification is not so great. 
The gradual creep due to heating is a temporary affair, but there is also a persistent creep 
due, apparently, to a progressive fall in potential of the anode battery of the first valve. 
When the battery has settled down after recharging, the rate of movement is equivalent to 
a fall of 10-15 microvolts a minute at the input. This implies a fall of anode potential at the 
rate of 12-18 millivolts in an hour, but the battery can scarcely be blamed, for its potential 
will then have changed by only one part in ten thousand. The use of larger cells would no 
doubt diminish the rate of fall. If strictly aperiodic recording is not required the creep can 
be eliminated by coupling one stage through a large condenser, but it can also be counter- 
acted by the simple device of producing an equivalent rise of potential in the input circuit. 
The method is shown in the figure at 8S. One electrode leads directly to the grid and the other 
is earthed through two small dry cells placed in opposition to one another and allowed to 
discharge slowly through unequal fractions of a 50,000 ohm resistance. By altering the posi- 
tion of the sliding contact the discharge rates of the two cells can be adjusted so that the 
potential of the grid rises very slowly and compensates for the fall of the anode potential. 
The steady creep can be eliminated in this way, but there is still an occasional slow move- 
ment of the base line in either direction. These effects are only troublesome with the highest 
amplification; they are all centred round the first valve and dry-cell batteries can safely be 
used for the later stages. 

The performance of the amplifier is shown by the calibration curves in Fig. 4. There is 
no appreciable lag in the response of the oscillograph and no movement of the base line 
after an impressed potential is withdrawn. 

When fluid electrodes and living tissue are included in the input circuit there are often 
slow movements of the base line much greater than those due to the amplifier. They are 
probably due to changing injury potentials, unequal rates of evaporation at different 
points, etc. This wandering of the zero, although it may give useful information about the 
state of the tissue, would be extremely inconvenient were it not for the ease with which the 
zero can be adjusted by altering the controls R, and P, (used as coarse and fine adjustment 
respectively), A direct-coupled system comes into equilibrium at once when the conditions 
are altered, and in this respect has a distinct advantage over the condenser-coupled type. 
With the latter a large potential applied to the input may throw the system off its balance 
for an appreciable time by altering the charge on the condensers (owing to excessive grid 
current)": a direct-coupled system recovers immediately and so can be used to record very 
small changes following directly on very large. 


a The difficulty can be overcome by the use of small condensers or of valves which will 
tolerate large changes of grid potential. 
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THE RESPONSE OF A MUSCLE SPINDLE DURING 
- ACTIVE CONTRACTION OF A MUSCLE. 


By BRYAN H. C. MATTHEWS (Bett Memorial Fellow), 
Fellow of King’s College, Cambridge. 


(From the Physiological Laboratory, Cambridge.) 


A PREVIOUS paper [Matthews, 1931] described a series of experiments 
on the behaviour of a single stretch receptor in a frog’s muscle: in these 
experiments the response of the end organ during passive stretching was 
investigated by observing the action potentials in the nerve supplying 
this muscle, The present paper describes a further series of experiments 
made to determine how these end organs respond when the muscle 
contracts actively. 
METHOD. 

The single end organ preparation from the frog’s toe, described in 
detail in the previous paper, was used in the majority of the present 
experiments. It has been shown that the stretch receptors in these 
preparations are muscle spindles; and this was confirmed by methods 
already described [see Matthews, 1931] in several of the Les sensory 
used in the present work. 

An amplifier and oscillograph which have been described in previous 
papers [Matthews, 1929] were used to record the action potentials from 
the nerve, but the system had to be modified to deal with special diffi- 
culties which arise when an attempt is made to record sensory action 
potentials while the tissue is also being stimulated electrically. 

The action potential at the electrodes when a single fibre in the nerve 
of this preparation conducts an impulse amounts to about 20-30 micro- 
volts. If the nerve is stimulated electrically all its fibres are active and 
produce 10-20 millivolts at the electrodes: the recording system must 
be used at full sensitivity to record the sensory action potentials, but 
yet must not be disturbed by the potential 1000 times as great which 
occurs when the nerve is stimulated. The recording instrument is un- 
breakable and there is no risk of damage from the 1000 times overload, 
but this overload is so great that the later valves in the amplifier have 
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such large potential changes impressed on their grids that a considerable 
grid current flows for a few thousandths of a second during the overload: 
as a result the grids become charged, and for a fraction of a second the 
later valves in the amplifier are out of their working range, and during 
this time the sensory action potentials cannot be recorded. 

It is impossible to avoid this large potential occurring at the re- 
cording electrodes whenever the nerve is stimulated electrically: hence 
the only solution is to make the valves of the amplifier incapable of — 
holding any grid charge that they may acquire. This can be done either 
by reducing the capacity in the grid circuit or by increasing the leakage 
to earth: for a number of reasons the former is the better course to adopt. 
In the present work very small coupling condensers were used throughout 
the amplifier, various values were tried, but in most of the experiments 
capacities of 0-001 mfd. were used. The result is that however great the 
potential occurring at the input may be, the instrument cannot be driven 
off its working range for more than a few thousandths of a second. The 
sensory action currents are somewhat distorted by the use of these small 
condensers and often appear polyphasic as a result: but these distortions 
do not in any way affect the present work as no attention is paid to the 
shape of the action potential waves, which are merely required to show 
when the sensory impulses travel past the electrodes. 

Gasser and Erlanger [1930] have also used an amplifier in recording very small 
electrical variations immediately after much larger ones have occurred; they do not 
mention the above difficulty although excessive grid swings probably occurred in their 
amplifier; their calibrations show, however, that their system returned immediately to 
the same zero after a large deflection. Presumably the first valve in their amplifier to get 
overloaded swings negative, and the change in anode current is limited, for it can only 
fall to zero; this would prevent later stages from getting overloaded. Alternatively the 
valves they use may be able to stand a large overload without giving serious grid current, 
though this seems less probable. 

Adrian [1931] has also used an amplifier with which zero is not upset by an overload; 
he has used the system of battery coupling. With this the grid circuit capacity is very small 
indeed, and each grid is connected to earth through a fairly low (100,000 ohm) resistance 
in the anode circuit of the previous valve; hence the grids are unable to retain any grid 
charge they may acquire if an overload causes grid current to flow. 


Fig. 1 shows the general arrangement of the preparation electrodes 
and recording myograph. The muscle was immersed in about 5 c.c. of 
Ringer’s fluid, which was always changed every 5 minutes throughout 
the experiment, for it has been found that if the preparation is left in 
the same small quantity of Ringer for some time the end organ response 
is modified [Matthews, 1931]. The thread from the tendon was at- 
tached to a torsion spring myograph made from watch spring. On the 
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spring slid a small stirrup which carried a mirror, and the sensitivity 
could be varied by moving the stirrup nearer or farther from the 
anchorage of the spring. A spot of light reflected from the mirror was 
directed into the camera to record along with the beam from the — 
oscillograph. 

For isometric recording the thread from the muscle was attached to 
an arm on the myograph spring about 2 mm. from the spring (see Fig. 1). 
The deflections recorded on the film were less than 2 cm. high, and as 
the beam of light was 6 m. long this represents a movement of the point 
of attachment on the myograph of under 1/200mm. A much larger 
deviation from true isometric contraction will be introduced by the 
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elasticity of the thread when under only slight tension. It is difficult to 
assess the magnitude of this effect accurately; to avoid it the thread 
was made as short as possible, and in some experiments fine fishing gut 
was used in its stead. 

For isotonic recording the thread was attached to the arm 8 cm. 
from the spring. With the amount of shortening that occurred the tension 
only increased by about 5 p.c. during a contraction, and as the inertia 
was very small the contraction may be regarded as very nearly isotonic. 

The initial tension could be set to any desired value by moving the 
position of the muscle chamber relative to the myograph; the chamber 
was fastened to an arm moving between adjustable screw stops. The 
natural period of the myograph was of the order of 300 vibrations per 
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second ; thus the instrument can be trusted to give accurate records of 
the mechanical response. 

A clock time marker interrupting a separate beam of light marked 
1/5 sec. intervals at the side of the record. 

The nerve was slung over four non-polarizable Ag, AgCl electrodes; 
sometimes the proximal pair were used to record and the distal to 
stimulate, sometimes the connections were reversed: all electrodes were 
connected to 0-01 mfd. condensers, so that there was no possibility of 
any steady current being passed through the nerve. A coreless induction 
coil was used to stimulate. Its coils were coupled tightly by sliding the 
primary over the secondary, and the strength of shock was regulated 
' by varying the current through the primary, a 2-volt cell, rheostat, and 
milliammeter being included in the circuit. To produce tetanizing shocks 
contact was made by a platinum wire on a vibrating steel strip arranged 
to dip into a mercury cup, and the vibration was maintained electrically 
when necessary. With this arrangement clean equally spaced make and 
break shocks of any desired frequency could be obtained by varying the 
point at which the spring was clamped. 


GENERAL FEATURES OF THE SENSORY RESPONSE DURING A TWITCH. 


In the experiments described in this section the strength of the 
primary current was adjusted to that which just gave the maximum 
mechanical response of the muscle. Experiments cited later seem to 
show that under these conditions the intra-fusal muscle fibre does not 
contract, while with stronger stimuli it may do so. In Fig. 2 A and B 
are shown typical records of the sensory response to a twitch. These 
were taken with very slight initial tension some time after that tension 
had been applied, so that the sensory response had died out owing to 
adaptation of the end organ. The records were taken at an interval of 
10 minutes and illustrate the extraordinarily regular behaviour of these 
end organs, for the records agree not only in general features, but are 
almost identical impulse for impulse. It will be seen that during short- 
ening one or two impulses are set up, but during relaxation there is a 
regular rhythmic discharge of declining frequency: in some preparations 
one impulse was set up as or before the muscle began to shorten as in 
Fig. 2 A and E, but often this was absent (see Fig. 2 C). If the thread 
to the tendon was completely slack there was usually no response at all 
when the muscle twitched, though occasionally one impulse appeared 
as in Fig. 2 F. There is therefore no evidence that the muscle spindle is 
excited by the action current of the muscle. The response of the end 
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Fig. 2. This and all subsequent figures read left to right. Response in the nerve when the 
muscle twitches. In records A-E the initial tension is about half a gram, so that 
the thread is just taut; occasional impulses are set up by this tension, and cause 
the random deflections on the left of the records. The mechanical record was taken 
simultaneously with the electrical record. The large excursion just before the muscle 
contracts is due to the action current of the whole nerve trunk evoked by stimulation. 
A. Isotonic. Temperature 15°C. B. Isotonic taken 10 minutes later to show the 
close agreement of the positions of the impulses. Temperature 15°C. C. Same pre- 
paration isometric. Temperature 15°C. D and E. Another preparation. Isotonic and 
isometric contractions. Temperature 165°C. F. Same preparation as D and E, 
thread to the tendon quite slack. Temperature 16-5° C. 

_ The line in F represents 0-1 sec. for all. 
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organ was much the same whether the muscle was allowed to shorten | 


or not (see Fig. 2 B and C, D and E), but it must be borne in mind that 
if these tiny muscles are under only slight initial tension, it is impossible 
to arrange matters so that absolutely no shortening occurs. In several 


Fig. 3. Twitch superimposed on a steady tension. Temperature 17°C. A-D. Isotonic, 
tension 2 g. approx. A. 0-5 sec. after loading. B. 1 sec. after loading. C. 5 sec. after 


loading. D. 15 sec. after loading. E. Another preparation, isometric twitch 2 sec. 
after a steady extension. 


The line in D represents 0-1 sec. for all. 


experiments, however, a pin was passed through the knot where the 
thread was tied to the tendon and inserted in the floor of the muscle 
chamber. Under these conditions no shortening was possible, but the 
response was exactly the same as that recorded when the thread was 
anchored to the myograph. 


Thus it is clear that the end organ does not _— much 290m 
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shortening or rise of contraction tension in the muscle generally, but 
during relaxation gives a considerable discharge. 


3 TWITCH SUPERIMPOSED ON STEADY TENSION. 

To investigate this failure of the end organ to respond during the 
rising phase of the mechanical response experiments were performed in 
which the muscle was first loaded so that the end organ gave a rhythmic 
discharge and then stimulated to contract. 

The results were extremely striking (Fig. 3). It will be seen that the 


_ discharge already in progress stops completely during the rising phase 


of the mechanical response, and restarts at a higher frequency as the 
muscle relaxes. This occurred in just the same way if the muscle was 
not allowed to shorten (Fig. 3 E), though the duration of the pause in 
the discharge was sometimes briefer. The pause has occurred in this 
way in every preparation that has been examined, when the contraction 
is produced by just maximal stimuli; in a few preparations the behaviour 
has been somewhat different with stronger stimuli, and these are dis- 
cussed in a later section. 

To see whether this behaviour is a general property of the frog’s 


stretch receptors the response from other muscles was examined in the 


same way. In the flex. digitorum muscle there are a considerable number 
of end organs, and so the response to stretch does not consist of only 
a single rhythmic series of impulses. Nevertheless, when the muscle 
twitches the whole response stops until the muscle begins to relax, when 
the discharge reappears with renewed vigour (Fig. 4 A, B and D). With 
@ gastrocnemius sciatic preparation the pause also occurs, but is broken 
by a few random impulses. 


THE PAUSE IN THE RESPONSE. 


With all the preparations that have been examined a distinct pause 
occurs: if the initial tension is very great it is broken by random im- 
pulses, but with an initial tension of the same erder as that which the 
muscle can produce when stimulated the pause is always absolute pro- 
vided that the stimulus is only just maximal. To — may the pause 
be due? 

It was thought possible that the action current of the intra-fusal 
muscle fibre or other fibres in the immediate vicinity of the end organ 
might prevent it from responding, or that the impulse sent down the 
sensory fibre when the whole nerve is stimulated produced a long re- 
fractory period in the end organ. Further experiments have shown that 
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neither of these suggested causes is responsible for the pause, which is 
associated only with the mechanical response in the muscle. 
If the muscle is stimulated repeatedly fatigue causes the mechanical 


Fig. 4. Records from flex. digitorum muscle preparation containing a number of end 
organs. A. Isotonic twitch from barely maximal shock, initial tension 5 g. approx. 
Temperature 16°C. B and C. Isotonic twitches superimposed on a steady tension of 
10 g. In B the shock is barely maximal, while in C it is strongly su 
Temperature 16°C. D. Another preparation. Isometric twitch, initial tensions 5 g., 
faint.) Temperature 16° C. 

The line in D represents 0-1 sec. for all. 


response to become prolonged, but there is no reason to suppose that a 
refractory period produced by descending impulses should get longer, 
for the end organ responds to stretch in just the same way as before the 
muscle is fatigued. The pause, however, becomes prolonged with the 
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mechanical response (Fig. 5). When the muscle is so fatigued that there 
is practically no mechanical response the pause does not occur, although 
descending impulses should still be able to reach the end organ; also 
no comparable pause is produced by stimulation if the muscle is 
curarized. Thus descending impulses cannot be responsible for the pause, 
although, as will appear later, they are not without effect on the end organ. 

Thus the pause appears to be due only to the mechanical response, 


Fig. 5. The effect of fatigue on the pause in the response. Isotonic twitch superimposed 
on a.steady tension of 1 g.; each record was taken between 1 and 2 sec. after the 
muscle was loaded. Temperature 14°C. A. Muscle rested. B. After 50 twitches. 
C. After 100 twitches. D. After 200 twitches. 

The line in D represent 0-1 sec. for all. 


and this conclusion is strongly supported by experiments described below 
in which the muscle is tetanized. 

We will here consider what mechanical arrangements in the muscle 
might lead to the behaviour which has been described above. All these 
observations suggest the sort of arrangement that Fulton [1928] postu- 
lated to account for the “‘silent period” in mammalian reflexes. Fulton 
has pointed out that mammalian muscle spindles are arranged “in 
parallel” with the muscle fibres, which is also the case in these muscles 
from the frog. 
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7 

_ Fulton’s suggested scheme is shown in Fig. 6 A, and in Fig. 6B is 
shown a slightly modified version of it which seems to account for all 
the observed behaviour of these end organs. 

In the scheme of Fig. 6 B when the muscle contracts, supposing that 
the intra-fusal muscle fibre itself does not 
contract, the strain on the end organ will 
be removed and so it will cease to respond; 
as the muscle relaxes the strain on the end 
organ returns and deforms it so that it is 
again stimulated. If there is some elastic 
tissue in series with the muscle fibres (Ein 4 
Fig. 6 B), even if the muscle is not allowed 
to shorten, the end organ will be relieved 
of most of the strain when the muscle 
contracts unless the initial strain is con- 
siderable, and then only partial unloading 
of the end organ will occur and some im- 
pulses might be anticipated. 

Thus the behaviour observed is exactly 
what is to be expected if this scheme 
represents the actual arrangement in the 
muscle, and as will appear later the be- 
haviour when the muscle is tetanized is spindle in the muscle. A. Ful- 

exactly that which would be anticipated 
from this mechanism. The explanation is s°count for the odservatio# 
supported by the fact that the sensory the to 
discharge due to steady tension is affected “HoT. 
in the same way by a twitch and by a brief period in which the 
tension is removed (see Fig. 7). In both cases the frequency imme- 
diately after the pause is greater than that before it owing no doubt to 
the brief rest. The pause appears to be due to the longitudinal strain 
being taken off the end organ by the muscle fibres when they contract. 
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TETANIZATION. 

_ With slight initial tension there is no response from the end organ 
during tetanization. When tetanization ceases there is a brief response. 
If the initial tension is considerable, the vigorous discharge already in 
progress stops completely during tetanic contraction, but restarts as the — 
muscle relaxes (see Fig. 8 A). If the muscle has been loaded for some 
30 seconds until the response has dropped to a low frequency, after a 
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Fig. 7. Comparison between the effect on the response, of the muscle twitching i 
15-5° C, 
The line in B represents 0-1 sec. for both. 


| 


Fig. 8. Effect of tetanic contraction on the response to steady tension. A. Muscle tetanized 
2 sec. after loading, isometric response. Temperature 16° C. B. Muscle tetanized 2 sec. 
after loading, isometric contraction. Temperature 16°C. C. Muscle tetanized and 
then pulled out to the same extension as that in B. Temperature 16°C. D. Muscle 

The line in A represents 0-1 sec. for all. 
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short period of tetanization the frequency of response is higher (Fig. 8 B); 
evidently the adaptation is reduced after the contraction as it is after — 
a short period of unloading. This lessening of adaptation agrees with the 
view that the stimulus to the end organ is reduced during tetanic con- 
traction of the muscle. | 
The results are identical if the muscle is not allowed to shorten, 
unless the extension of the muscle is so great that the initial tension is 
considerable (e.g. equal to half that produced on tetanization), in which 
case some random impulses appear. If, however, the muscle is forcibly 
extended while in tetanic contraction a considerable regular discharge 
does appear (see Fig. 8 D), but does not increase much if the tetanization 
ceases. But if during tetanic contraction the muscle be subject to a 
tension less than the greatest which it can produce when — little 
or no response appears (see Fig. 8 C). : 


Fig. 9. Isotonic twitch superimposed on a steady tension of 1 g. 2 sec. after loading. 
Temperature 14-8° C. A. Stimulus only just maximal (4 m.a. in primary). B. Stimulus 
three times maximal (12 m.a. in primary). 


The line in A represents 0-1 sec. for both. 


STRENGTH OF STIMULUS AND THE PAUSE. 


It has been pointed out above that in all the experiments so far 
described the stimulus was adjusted to a strength just great enough to 
give a maximal mechanical response. In most preparations the pause 
occurred in the same way however much the stimulus was increased, 
but in a few preparations (5) when the just maximal stimulus was 
doubled the pause vanished and was replaced by a characteristic response 
(Fig. 9 A and B), the frequency risitg to a maximum with the tension 
and falling off again as the muscle relaxed. 

An explanation of this anomalous behaviour is suggested by the 
histology of these muscle spindles. The terminal portions of the muscle 
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fibre in which the sensory fibre ends are cross striated and are said 
[Cajal, 1899] to be supplied by a separate motor nerve fibre and are 
thus like mammalian muscle spindles in which the intra-fusal fibres are 
cross striated except for the portions immediately under the sensory 
nerve ending, and are supplied by distinct motor fibres [Sherrington, 
1894; Boeke, 1927; Hinsley, 1927]. This was confirmed in two pre- 
_ parations used in the present work. If the twice maximal shock throws 
the intra-fusal muscle fibre into action and the just maximal shock does 
not, the experimental results are readily explained. When this muscle 
fibre did not contract the shortening of the other fibres would unload 
the end organ during contraction in the way suggested above, and so 
cause the end organ response to cease until the muscle began to relax: 
if, on the other hand, the intra-fusal muscle fibres do contract, the 
stimulus to the end organ will rise as the tension rises and fall again as 
it falls. Why all preparations do not behave alike in this respect is not 
clear. It was thought possible that the intra-fusal muscle fibres might 
in some preparations be inaccessible to stimulation via the nerve, but 
direct stimulation of the muscle through the fluid in the chamber still 
produced the pause even if the muscle was curarized; presumably under 
these conditions the shock would take effect on the intra-fusal muscle 
fibres if the latter were able to respond to direct stimulation. We must 
conclude that the complete pause which occurs in many preparations, 
however strong the shock applied directly to the muscle or indirectly 
through the nerve, indicates that in these preparations the terminal 
portions of the sensory structure either fail to respond, or respond so 
feebly that they do not affect the sensory response. In those prepara- 
_ tions in which increasing the strength of the shock applied to ss le 
obliterated the pause, this occurred also with direct stimulation, 
one preparation did not give the pause at all when stimulated directly, 
whatever the strength of the stimulus. 

These experiments point to the conclusion that in some only of the 
preparations are the intra-fusal muscle fibres capable of contraction, 
and that both they and the motor fibres which supply them have a 
rather higher threshold than the other nerve and muscle fibres. . 

In preparations containing a number of end organs if the stimulus 
was supramaximal the pause was always obliterated (see Fig. 4 B and C), 
so that if the above explanation is correct a number of the muscle 
spindles are situated on structures whose terminal portions are _— 
of active contraction. 
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3 -Eprzor ON THE END ORGAN OF DESCENDING IMPULSES. 

ln all the above experiments when the nerve is stimulated electrically, 
impulses descend into the sensory structure: it was pointed out above 
_ that these could not be held responsible for the pause in the end organ 
response, and experiments have shown that it is unlikely that they in 
any way affect the results already discussed: nevertheless, these impulses 
do reach the end organ and produce observable effects. 

Firstly the descending impulse is found to set up a refractory period 
in the end organ. To observe this the muscle is curarized to prevent the 
appearance of any mechanical response; it is found that 0-01 p.c. curare 
is quite without effect on the end organ’s response to stretch, although 
this strength rapidly blocks nerve-muscle conduction (in some experi- 
ments 0-001 p.c. was used, but this takes about an hour to abolish this 
conduction): the response to a given load does not alter at all when 
the muscle is irrigated for some hours with curare in these concentra- 
tions, so it seems safe to regard the stretch receptor as being in normal 
working condition. 

If the muscle is stretched and the nerve stimulated with single 
shocks, the effect of descending impulses on the rhythmic response can 
be observed. It is found that after each descending impulse the response 
follows on from that impulse at the same rate as before. This is most 
easily explained by reference to Fig. 10, which illustrates the response 
when descending impulses are superimposed on the rhythm at varying 
intervals after an ascending impulse; it will be seen that the rhythm is 
“reset” by the descending impulse but continues at the same rate as 
before. This resetting of the response makes it clear that the descending 
impulses are able to reach and make refractory that part of the end 
organ whence the impulses originate. There is no evident compensatory 
pause, the interval between the start of the descending impulse and the - 
arrival of the next ascending one is about 15 p.c. longer than the normal 
spacing of the rhythm (at a temperature of 8°C., and mean rate of 
response of 30 per sec.). This interval includes the time for conduction 
of the descending impulse down to the end organ and of the ascending 
impulse up to the electrodes as well as the interval occupied by the 
recovery of the region that determines the rhythm. This conduction 
distance is 4-6 cm., and at this temperature (8° C.) the 15 p.c. excess 
of the interval between the recording of the descending and succeeding 
ascending impulse over the interval between successive ascending im- 
pulses is accounted for by this conduction time; so if a compensatory 
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pause does occur it can only be at most 105 p.c. of the normal impulse 
spacing. This is true if the descending impulse occurs at any point in 
the rhythm except just before the moment of arrival of an ascending 
x impulse. If it occurs just before an ascending impulse is due, the rhythm 
| is not reset, presumably because the ascending and descending impulses 


Fig. 10. A-E. Setting up refractory periods in the end organ by descending impulses 
sent in at various points in the rhythm to steady loading, muscle in 0-01 p.c. curare 
Ringer. Temperature 16°C. F, G. Apparent reduction of the adaptation of the 
end organ by descending impulses. Muscle curarized. F. One min. after loading 
discharge quite irregular and nearly ceased. Start of tetanization of the nerve at 
100 per sec. G. Tetanization stopped after 0-6 sec. Vigorous rhythmic response. 

The line in F represents 0-1 sec. for A-E, and 0-2 sec. for F and G. 


meet somewhere between the electrodes and the end organ and are 
obliterated. We must conclude that one extra impulse does not change 
the conditions very greatly in the region that is determining the rhythm. 

It is clear that although in the experiment of Fig. 10 the ending 
takes some 1/30 sec. to recover sufficiently to set up an impulse in 
response to the steady stimulus, nevertheless its absolute refractory 
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period is very much shorter. In Fig. 10 A it will be seen that if an 
impulse is sent into the end organ 1/100 of a sec. after an impulse has 


arrived at the electrodes the rhythm is reset, therefore this impulse is’ 


able to reach the region in which the rhythm is determined, and to 
produce there a new refractory period; so presumably the absolute re- 
fractory period of its predecessor is over. Whether the rhythm is reset 
in Fig. 10 E is not certain; it appears not to be, which would indicate 
that the absolute refractory period is not yet over. It should be pointed 
out that the difficulty in these determinations is due to the fact that 
the interruption of rhythm is most easily observed when the rhythm 
has dropped to a fairly slow rate, but then the discharge is not nearly 
as regular as it is at higher rates, and uncertainties are introduced. 
However, these difficulties can be reduced by cooling the preparation; 
this makes it possible to observe these effects with much greater accuracy. 


Direction in which impulse is travelling | 
Fig. 11. Sketch to illustrate suggested movements of ions in a nerve fibre. 


_ DESCENDING IMPULSES AND ADAPTATION. 


Fhe effects of descending impulses on adaptation are extremely inter- 
esting but have not as yet been fully worked out. It is found for instance 
that if descending impulses are set up at a frequency of 20 or less per sec. 
little effect is produced on the state of adaptation of the end organ: such 
rates were used in tetanizing the muscle in the experiments described 
earlier in this paper, so that it is clear that the cessation of response ob- 
served during tetanic contraction of the muscle was not dependent on the 
descending impulses. If descending impulses are set up at a rate of 100 
or more per sec. the adaptation is distinctly modified. It was antici- 
pated that descending impulses would increase the adaptation of the 
end organ, but instead of this it is found in many preparations that the 


adaptation appears to be diminished. In a number of preparations it has — 


been found that if the nerve is stimulated at 100 per sec. for one minute 
before loading, when loaded, though the initial frequency of response is 
much the same as that when it is loaded without having been stimulated, 
it adapts more slowly ; this is evidenced by the fact that the total number 
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of impulses set up in the 20 sec, following Joading may be increased by 


as much as 30 p.c. In some preparations it has been found that if a 
load is hung on the muscle for a minute or more until the response 
has, nearly ceased, after stimulation of the nerve for 1 sec. or less at 
100 per sec. # renewed outburst of impulses occurs (Fig. 10 F and G). 

Thus in some preparations descending impulses apparently diminish 
the adaptation of the end organ. It is interesting to speculate whether this 
indicates that the impulse has directional properties. It has been sug- 
gested [Matthews, 1931] that adaptation is due to a loss of some ionic 
active substance by the nerve ending, and this loss might be due in 
part at least to a movement of ions up the nerve fibre. Such a movement 
of ions along the nerve fibre does not appear at all contrary to the 
membrane theory of nerve action, in fact it might rather be expected - 
from it. On this theory the nerve impulse is a wave of depolarization 
passing along a polarized membrane. At the front of the active region 
it is supposed that local currents flow depolarizing the membrane ahead 
and making it active (see Fig. 11 ABC, ABD). These currents must consist 
of movements of ions and some of the shift of ions will occur parallel to 
the»ymembrane (A to B). Ionic movements may also occur in the wake 
of the impulse (XY, XZ), but it seems improbable that these should 
exactly neutralize those in the forefront of the region of activity, for 
the nerve impulse is an unsymmetrical process. The action current does 
not rise and fall symmetrically (see Gasser and Erlanger, 1930], and 
certainly the conditions at the membrane in the wake of the impulse 
must be very different from those in front of it, for in the wake is the 
refractory period and its attendant phenomena. Thus we might expect 
each impulse to shift the ions slightly along the membrane, and so a 
stream of impulses passing along in the same direction might cause 
longitudinal movements of ions in a nerve fibre; these would be in 
evidence at a nerve ending as alterations in ionic concentrations, though 
such alterations would not occur in the centre of a symmetrical stretch 
of nerve fibre. 

Clearly if impulses are able to produce any such drift of the ions 
towards or away from a nerve ending, the drifts produced by ascending 
and descending impulses will be in reverse directions, for these drifts 
will be due to the asymmetry of the nerve impulse. 

It does not seem impossible that the loss of ions by the nerve ending 
during adaptation might occur in this way up the nerve fibre. Descending 
impulses would tend to drift the ions back to the nerve ending, and so 
cause the apparent reversal of adaptation that has been observed. — 
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_ It is clearly unsafe to develop this idea further until more experi- 
mental evidence has accumulated, for it should be pointed out that the 
favouring effect of stimulation has not been found in every preparation 
though it is definitely present in roughly 60 p.c. of those examined. 

The favouring effect of stimulation might be taken to indicate that 
the descending impulses had carried active material to the nerve ending, 
so that when loaded it was able to maintain a greater response than 
it could when no descending impulses reached it. It is clear that if 
this interpretation is correct, and if descending impulses really produce 
reversal of adaptation in this way, the same effect should occur in other 
types of end organ. At present there is no evidence of this, but the 
point clearly merits further consideration. 


Discussion. 


It must be admitted that mammalian muscle spindles may not 
function in the same way as do those of the frog, but nevertheless it is 
interesting that the observed behaviour of the frog’s spindle is just that 
which would be required to regulate automatically the postural con- 
traction of a muscle. As Sherrington has shown, postural tonus is a 
reflex from the sensory endings in muscle; if the afferent impulses con- 
cerned come from the muscle spindles, they would set up impulses until 
the reflex contraction evoked was sufficient partly to unload them and 
then a balance would be reached between the loading and reflex un- 
loading, so that the muscle would be kept just taut; with the muscle 
spindles studied above this would occur over a considerable range of 
initial extension. The response during contractions of central origin 
would depend on whether the terminal portions of the sensory structure 
contract, and at present we have no direct knowledge of when this might 
occur. The motor fibre to the mammalian muscle spindle is very much 
smaller than the ordinary motor fibres to muscle fibres [Ruffini, 1898], 
and small fibres are less excitable than large ones [Erlanger and Gasser, 
1924]; whether these differences of excitability extend also to the motor 
nerve cells from which such fibres originate we do not know, but if the 
threshold of the motor cell is high as is that of the motor fibre which 
innervates the muscle spindle then it would only come into action during 
strong excitation. If this were the case the muscle spindle would sub- 
serve the purpose of a self-regulating tonus control mechanism, and also 
be available during strong contraction to signal information of the 
mechanical events in the muscle. 
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The curare experiments described above show that the intra-fusal 
muscle fibres also always have a higher threshold than the other fibres 
of the muscle. In the mammalian spindle the intra-fusal fibres are 
smaller than the other muscle fibres and do not waste after section of 
the motor nerve as do the other fibres [Sherrington, 1894]; a difference 
in threshold certainly harmonizes with these other differences. 

The pause that occurs in the response to steady tension when the 
muscle contracts bears a striking resemblance to the “silent period” 
in mammalian reflexes, and suggests that the two may be related. As 


Fig. 12. Comparison of the silent period with the pause in the response to a steady tension 
from a muscle containing a number of end organs when that muscle twitches. A. Silent 
1928]. B. Pause after a twitch. Tem- 


perature 15° C 


Hoffman [1919] originally showed, after a reflex tendon jerk there is 
a complete absence of action currents in a muscle for about 1/20 sec. 
This phenomenon has since been studied in some detail by Fulton and 
Pi-Suner [1928] and Denny Brown [1928]. As the muscle relaxes 
the action currents appear again and a hump occurs in the mechanical 
relaxation (see Fig. 12 A). If the mammalian muscle spindle behaves 
like those in the frog these effects can be explained very simply. As 
the muscle contracts the muscle spindles cease to be stimulated, and 
hence the stretch reflex ceases; as the muscle relaxes the spindle is 
stimulated again and sets up a slightly higher frequency of impulses 
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than before (see Fig. 3), thus giving rise to more reflex excitation and 
causing the “hump.” As this subsides a balance is once more reached 
between stimulation of the end organ by mechanical strain and the 
reflex removal of that strain which results from reflex tonus. 

On this hypothesis the “‘silent period” in reflexes is a direct result 
of the pause in the end organ response when a muscle contracts. It can 
be illustrated by comparing a record showing the silent period with one 
of the responses from the muscle spindles of a frog’s muscle when it 
contracts under some initial tension. It must be admitted that the 
receptors in mammalian muscle may behave differently from those in 
the frog, but the general resemblance between the pause and the silent 
period is so striking that it is difficult to believe that the two are not 
related. 

Denny Brown [1928] has criticized Fulton’s explanation of the 
silent period which agrees with that given above, his most direct objec- 
tion being that if the silent period were due to unloading of the spindle, 
in Fulton’s scheme (Fig. 6 A) this should only occur if shortening of 
the muscle took place. Denny Brown showed that this was not the 
case, and that the silent period still occurred when the muscle contracted 
isometrically, though it only lasted about a third as long if the muscle 
was under an initial tension nearly as great as the greatest the muscle 
could produce in a maximal twitch. It has been found, however, with 
the frog’s muscle spindle that the response to stretch ceases during a 
twitch even if shortening is not allowed to occur (Fig. 3 E), and for this 
reason the modified form of Fulton’s scheme (Fig. 6 B) was suggested. 
This observation that the pause does occur even if shortening is avoided 
removes Denny Brown's main objection to the view that the silent 
period is due to a cessation of response on the part of the end organ. 
The alternative hypothesis put forward by Denny Brown, namely 
that during contraction the spindle sets up impulses which produce 
central inhibition, is therefore unnecessary, and indeed so far as the frog 
is concerned no impulses differing in either form or fibre location from — 
_ those set up by stretch appear during active contraction. In fact, 
it appears that the phenomena of the silent period could be entirely 
accounted for if the mammalian muscle _— vtecsatien like that of 
the 
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pre during contraction of a muscle is described. 

2. If the muscle is under slight initial tension and twitches either 
isometrically or isotonically there is little sensory response during the 
rising phase of the mechanical response, but as relaxation occurs there 
is a considerable discharge of impulses. 

3. There is little or no sensory response if the muscle is slack. It 
therefore appears that the action current of the muscle does not stimulate 
the muscle spindle. 

4, If the muscle is under some initial hcsion, when it contracts 
either isometrically or isotonically, the sensory response to that tension 
ceases during the rising phase of the mechanical response, and restarts 
at a higher frequency during relaxation. 

5. The pause in the sensory response to stretch, which occurs when 
the muscle contracts, lengthens pari passu with the mechanical response 
when the muscle is fatigued; it seems to be connected only with the 
mechanical events in the muscle. 

6. During tetanization there is no response from the muscle spindle; 
if the initial tension is considerable the sensory response to that tension 
ceases during tetanic contraction of the muscle, and restarts, often at a 
higher frequency, when the muscle relaxes. 
| 7. The pause also occurs in the sensory response from muscles con- 

taining a number of stretch receptors. 

8. In some preparations increasing the strength of the shock applied 
to the nerve obliterates the pause. It is suggested that this is due to 
contraction of the terminal cross striated portions of the muscle spindle. 
These have a separate motor fibre, and this motor fibre seems to have 
a higher threshold than the ordinary motor fibres to the muscle. The 
intra-fusal fibres also seem to have a higher threshold than the other 
muscle fibres. 

9. Impulses descending the nerve to the muscle spindle evoked by 
electrical stimulation set up a refractory period in the nerve ending. 
There is no evidence of a compensatory pause; if such exists it must be 
less than 105 p.c. of the interval between successive impulses set up by 
stretch. 

10. Descending impulses at a frequency of 100 per sec. reaching the 
nerve ending appear to reduce its adaptation. 

11. A theoretical explanation of this is suggested. 
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12. The pause in the response of the muscle spindle to steady tension 
when the muscle contracts is compared to the silent period in mammalian 
reflexes. It is suggested that the silent period i is due to the pause in the 


response from the muscle spindles. 
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SOME EFFECTS OF CARBONIC ACID ON THE 
CHARACTER OF HUMAN RESPIRATION. 


By J. BARCROFT anp R. MARGARIA? (Turin). 


(From the Physiological Laboratory, Cambridge.) 


Tue following facts concerning the effect of inhalation of CO, on the 
respiratory rhythm have been known since the work of Haldane and 
Priestley [1905]: (1) that inhalation of CO, increases the total ventila- 
tion, (2) that no very simple statement can be made as to this as regards 
the frequency. Short of breathing 6 p.c. CO, the alteration in frequency 
due to that gas is no greater than the range of frequency at a given 
alveolar pressure. It follows that the evident alteration in the respiratory 
rhythm is an alteration in amplitude. 

We have failed to discover any detailed statement as to the effect 
of CO, inhalation upon (1) the duration of the phases of respiration, 
namely, inspiration, expiration and the pause (if any), (2) upon the rates 
at which air is taken in and given out during the various phases. In 
the hibernating marmot, in which the respirations are very slow, and 
in which the phases can be followed very easily, the rate at which air 
is taken into the lung during inspiration is practically uninfluenced by 
carbonic acid. The increased depth of respiration is attained by ex- 
tension of the time occupied by the inhalation of air at a given rate 


_ [Endres and Taylor, 1930]. In man the possibilities of increasing the 


total ventilation on this principle are limited, seeing that the inspiration 
in quiet breathing already occupies a third (less or more) of the whole 
period of one respiration. 

In the marmot the period of expiration is quickened by CO,, so that 
even though twice the normal quantity of air may leave the lung, the 
time reckoned from the height of inspiration to the depth of expiration 
is only about half the normal. 

A view of the action of CO, on respiration put forward by one of us 
[Barcroft, 1919] differed from the conception based on the respiration 
of the marmot, in that it stipulated for increase in the rate of inhalation 
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of air during the inspiration as well as of the exhalation of air during 
the expiration. It seemed desirable to ascertain the facts in the human 
subject. 


METHOD. 


Experiments were ‘carried out on two The 
and the apparatus were in a glass room of 10 cubic metres capacity ; 
this room was approximately air-tight as-regards diffusion, but not so 
tight that addition: of gas to the atmosphere therein caused a permanent 
rise in the barometric pressure. In the calculation of the alveolar airs 
given below the barometric readings used are those outside the chamber. 

In the room was a large CO, cylinder fitted with a meter, a table 
with a Sandstrém drum, and a spirometer of the Krogh type. To the 
spirometer was fitted a well-fitting rubber mask; between the two was 
a three-way aluminium tap such as is used for a Douglas bag. With 
the handle of this tap “across” the subject breathed into and out of 
the open air whilst the spirometer was sealed; with the handle “up and 
down” he rebreathed the air from the spirometer. The dead spaces in 
the system were cut down to the minimum, Valves were not used as it 
was found in preliminary experiments that, especially during hyperpneea, 
the resistance of the valves affected the curve of respiration more than 
did the small extra dead space entailed by their absence. . 

For the “collection” of alveolar air the mask was modified in the 
following way. The orifice to which normally an expiratory valve is 
fitted was plugged, and through the plug was inserted a piece of rubber 
pressure tubing—this went into the mouth of the subject. The orifice 
outside the mask was fitted with a vacuous gas sampling tube. 

The routine was as follows: 

(1) The chamber door being closed, 60, j in the required quantity 
was liberated in the chamber, through the meter. The air of the chamber 
was kept mixed with a fan. The subject breathed the air of the chamber 
for at least 10 minutes. (2) He then put on the mask, taking care that 
the harness was properly adjusted. (3) The upper tap of the gas sampling 
tube being open to the air, the subject blew out expired air, thus filling 
the dead space of the tubing between the mask and the sampling tube 
with what is as nearly alveolar air as can be obtained by blowing down 
80 fine a tube. The volume of this dead space was roughly 2 c.c. and the 
sampling tubes 50 c.c., so that if the air in the tubing differed from 
alveolar air by, say, } p.c., this would show as an error of 1/25 part of 
that in the final analysis, or 0:1.mm. The tap is now shut. (4) The 
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_ Margaria, so that Margaria had been breathing the air of the chamber 
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operator starts the drum; he then turns the aluminium tap so that the 
subject, who hitherto has been breathing from the open air, rebreathes 
the spirometer air for three or perhaps four respirations. (5) The alu- 
minium tap is turned back and the subject takes a sample of his alveolar 
air. (6). A sample of the air of the chamber is taken. (7) The hoi 


1. Spirometer tracings of the respiration, Subject, Barcroft. CO, in inspired air: 
egirmoon (ii) 1-0 p.c. (iii) 2-2 p.c. (iv) 42 p.c. (v) 5:3 p.c. (vi) 7-5 p.c. Inspira- 

Tracing read from left to right. Time, 1 sec. 
and the opératok change places and the routine from number 2 onwards 
is repeated. In each case the first subject was Barcroft, the second 


about 15 minutes before his records were taken. 
In the experiment described, six sets of records were taken with 
ineseuitiig quantities of CO,. The samples taken were analysed after 
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the second, fourth and sixth records for which purpose the — 
came out of the chamber. 
RESULTS. 
Figs. 1 and 2 show the results obtained of the last experiment. In 
reading them it must be noted that the drum was not going at the same 
velocity in each record. 


Fig. 2. Subject Margaria. Otherwise legend as in Fig. 1. 


(1) As regards frequency our results are the same as those of other 
authors, there is no certain relation between amount of CO, in the in- 
spired or alveolar air and rate of respiration. Fig. 3, A and B, shows the 
relation of the total ventilation in the two subjects to the frequency of 
respiration. In Margaria the frequency rises from the start in an almost 
linear relation to the total ventilation, in Barcroft there is little change 
in the frequency till the ventilation has trebled. After that point the 


frequency rises, if anything more gs in the case of Barcroft than 
that of Margaria. 
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Total ventilation 
Fig. 3 A. 
10- 
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Total ventilation 
Fig. 3 B. 


Figs. 3A and 3B. Relations of frequency of respiration and total ventilation. 
©, during inhalation of CO,; @, during exercise. A, Margaria; B, Barcroft. 
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Fig. 4. Spirometer tracing showing the method of drawing the tangent. | 
‘Total ventilation: 67 litres per min. Inspiration downwards. 


Tangent 


0 10 20 30 40 50 60 70 
Total ventilation, litres per min. 
Fig. 5. Relation of tangent (rate of inspiration in litres per sec.) and total ventilation in 
litres per min. during inhalation of CO,. @ Barcroft; © Margaria. 
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(2) As regards the primary object of the research, @ rise in the 
carbonic acid in the inspired and alveolar airs causes a rise in the rate 
at which ain is inhaled, The greatest deviation from a uniform rate of 
inspiration is shown in the curves where the ventilation is greatest, 
such as Fig. 4. Even in these it is possible to draw a tangent to the 
curve which (with suitable corrections) gives the rate of inspiration at 
the middle of the inspiratory phase. 

_ The necessary corrections are (a) for the fact that the lever is 
describing an arc, and (6) for alterations in the velocity of the drum. — 
When these have been made and the tangent of the angle is expressed 
in terms of litres inspired divided by time, it gives the most constant 
relation which we have been able to obtain, namely that the tangent of 
the angle is nearly proportional to the total ventilation—see Fig. 5. 
The ratio of the — to the ventilation i is not the same in the two 
persons observed. 


The maximum total ventilation obtained with CO,. 


We found it impracticable to breathe 10 p.c. of CO, for more than 
a few minutes. The inspiration of 7-5 p.c. CO, which is the highest 
quantity that could be endured over a period of a quarter of an hour 
produced i in Margaria a total ventilation ‘i 71 litres per minute and 
in Barcroft 60 litres per minute. 


Taste I. 
Alveolar CO, Total ventilation 
co, in A ‘tom 

air B. M. B. M 
: 0-18 38-9 45-5 15-0 12-9 
1-02 37-6 46-3 16-7 16-6 
222 38-6 48-0 17-4 15-6 
42:3 49-0 25-9 27-2 
631 50-1 29-7 41-1 

7-50 — 60-0 60-5 71 


The above points are in general agreement with “Peabody's Curve” 
[1915], relating the CO, in the inspired air to the total ventilation. There 
is, however, a limit set to the ventilation to be obtained by CO, inhala- 
tion, which is due to the fact that unlimited concentration of CO, cannot 
be tolerated. In practice we believe that the limit was attained in our 
experiments; it an alveolar in the case of of 
60 mm. Hg. 
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Fig. 6. Spirometer tracings Of Margaria belore and after exercise. (i) before, (ii) after 
30 sec. from the end of the exercise, (iii) after 14 min., (iv) after 2} min., (v) after 
34 min., (vi) after 5 min., (vii) after 7 min. Inspiration downwards. 
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0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
. Total ventilation, litres per min. 

Fig. 7. » Relation of tangent (rate of inspiration in litres per sev.) and total ventilation, 
Margarisa. @ Breathing CO,. © After exercise. 
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Comparison of increase in total ventilation =. 
by CO, and by exercise. 

Evidently the maximal total ventilation caused a CO, as given 
above is much less than what can be obtained by exercise. This fact 
may be deduced from the writings of previous workepA, but as it is not 
definitely set forth, we determined to compare oremente in total 
ventilation brought about by the two methods. 

In the experiment given below, the subject ran down and up the 
laboratory stairs. 


The following data were obtained: 
| IT 
Frequency (litres per min.) (litres per sec.) 
Barcroft. 
Before 13-6 11-6 0-443 
After 30 sec. 30-4 87-1 3-42 
1 min. 23-5 67-0 2-83 
3 min. 19-3 29-3 1-29 
5 min. 19-5 28-8 1-07 
Margaria. 
Before 16-2 13-6 0-68 
After 30 sec. 42:5 115-0 4:14 
14 min. 30-0 65-5 
min. 24-0 37°3 1-23 
min. 18-7 23-0 1-01 
5 min. 17-6 19-8 0-87 
7 min. 18-2 15-9 0-685 


Both in the case of Margaria and of Barcroft, a very moderate 
amount of exercise produced a greater frequency of respiration and a 
greater total ventilation than the limit produced by COQ,. Yet from 
the literature we have no reason to suppose that this alveolar CO, rose 
to anything approaching 61 mm. In the case of Barcroft the rate at 
which air was inspired (the tangent) was also much greater in the case 
of exercise. It is probable that in a young athletic man such as Margaria 
the upper limit of ventilation on exercise might vt double that obtainable 
with 

rota other hand such moderate exercise as was taken in the above 
experiment produced no unpleasant effects either at the time of the 
exercise or afterwards. The breathing of 7-5 p.c. of CO, for 20 minutes 
produces a shock from which the system does not wholly escape for 
some hours or perhaps even a longer time. It seems clear that CO, can 
only be one contributory factor to the dyspnea of exercise. 

In this connection it seemed desirable to rule out the possibility of 
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peripheral stimulation by the carbonic acid. We therefore made an ex- 


periment on a cat to ascertain whether the same total ventilation was 
produced with CO, (1) when no nerves were cut, (2) when the vagi were 
cut, (3) when both vagi and sympathetics were cut. Since the CO, was 
inhaled through a tracheal tube the cutting of the vagi and sympathetics 
abolish the possibility of sensory fibres from the lung. — | 


a’>+b 


i 


Or 


Fig. 8. .Chloralosed cat. The total ventilation, c.c. per min. (ordinata) is plotted against 
the time in minutes (abscissa) during the administration of a 9-4 p.c. CO, mixture in 
air, or during the administration of air. a-a’, administration of CO, mixture; b-’, 
administration of air; X, normal cat; @, after vagi cut; x, after vagi and sym- 


The results are shown in Fig. 8, namely that although during air 
inhalation the total ventilation was increased by section of the vagi, 
yet after the administration of 9-4 p.c. CO, the total ventilation was the 
same with the vagi cut as it had been with 9-4 p.c. CO, and the vagi 
uncut. When the CO, effect had worn off, the ventilation returned 
approximately to the original values both with the vagi cut and 
_ Whilst under the influence of considerable concentrations of CO, the 
total ventilation is the same whether or not the vagi be cut, the type of 
respiration is different, being slower and deeper with the cut vagi. 
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Depth 
General correspondence between the measured factors in dyspnea 
caused by CO, and by exercise. 


In general the relations between the total ventilation, the tangent 
of the angle of inspiration and the frequency, bear the same general 
relations whether the dyspnoea is produced by CO, inhalation or by 
exercise. These relations also show the same differences between the 
two individuals (see Figs. 3 A and 3 B). Presumably the mechanisms for 
CO, and for exercise have much in common. 


Summary. 


1. The inhalation of CO, quickens both the rate of air inhalation 
and of air exhalation and shortens the time occupied by each phase of 
respiration. 

2. The rate of inhalation of air at the middle of inspiration varies 
almost exactly with the total ventilation. 

3. The above relation and indeed all others which we have measured 
are the same for an individual whether the hyperpneea is produced by 
CO, inhalation or by exercise. 

4. The maximal total ventilation produced by exercise is much 


greater (nearly but not quite twice as great) than that produced by the 


highest concentration of CO, which could be breathed for a quarter of an 
hour. 

5. It would seem probable from 3.and 4 above that CO, inhalation 
and exercise act in a similar way, but that the maximal effect of CO, 
falls short of that of exercise. 
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PROPERTIES OF THE PERIPHERAL VASCULAR 
SYSTEM AND THEIR RELATION TO THE 
SYSTEMIC OUTPUT. 


By HENRY BARCROFT. 
Harmsworth Scholar, St Mary's Hospital, London. 


(Experiments performed in the Physiological Laboratory, Cambridge.) 


Srup1es on circulation models have been made in the past by Weber 
[1850], Krogh [1912] and others, and on heart-lung = = 
by Starling [1914] and Daly [1925]. 

The objects of the present research are to show: 

(1) That an artificial scheme described below has properties similar 
to those of the dog’s peripheral vascular system. 

(2) That experiments performed with this artificial peripheral vas- 
cular system explain the paradoxical effect of occlusion of the thoracic 
aorta which I have described in a previous paper [1931]. 


I. Mernop. 


Dogs weighing approximately 10 kilos were used. A.C.E. anesthesia 
was employed. 

A diagram of the apparatus actually used for the experiment is 
shown in Fig. 1. The clamps £ and D were placed on the artificial peri- 
pheral vascular system at positions corresponding to X and Y in Fig. 2. 
The rest of the apparatus was the same as the heart-lung apparatus 
described by Starling [1914] except that the heating spiral was placed 
_ between the venous reservoir and the heart. The heart-lung apparatus 
was substituted for the vessels connecting the thoracic aorta with the 
inferior vena cava. The heart-lung apparatus was then clamped off at 
B and J, while the mechanical stromuhr [Barcroft, 1929], which had 
previously been filled, was inserted at O. The clamps at B and J were 
removed. The vagi were cut. The superior vena cava and brachiocephalic 
artery were ligatured. The artificial peripheral vascular system was filled 
with warm defibrinated blood and the circulation through it established 
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by the simultaneous removal of the clamps at H and D to Q and R_ 


r 


aS 


Fig. 1. Diagram of apparatus used in experiments in which an artificial peripheral vascular 
system was perfused by the animal’s heart. Cannula K was placed centrally in the 
thoracic aorta; cannula H was placed centrally in the inferior vena cava. The arterial 
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Il. THE NATURE OF THE ARTIFICIAL PERIPHERAL VASCULAR SYSTEM, 
The artificial peripheral vascular system is shown diagrammatically 
in Fig. 2. It has the following essential features: 
1. The tube A represented the brachiocephalic artery, B the superior 
vena cava, C the thoracic aorta and D the inferior vena cava. 


Cs 


Fig. 2. Diagram of artificial peripheral vascular system attached to. 
the animal’s heart and lungs. Description in text. 


2. The resistance R, represented the resistance of the arteries and 
arterioles supplied by the brachiocephalic artery. ‘The resistances R, 
_ and R, represented the resistance of the arteries and arterioles supplied 

_ by the thoracic aorta. : 
‘ 3. The resistance R, represented the resistance of the capillaries and 
veins drained by the superior vena cava. The resistances R, and R, 
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represented the resistances of the capillaries and veins drained by the 
inferior vena cava. These six resistances were similar. The relation be- 
tween flow through any one of them and the pressure difference between 
the two sides of that resistance is shown in Fig. 3. Each resistance was 
a slit in a piece of sheet rubber. 

4. C, was an extensible part of the artificial peripheral vascular 
system and represented the capillary bed supplied by the brachiocephalic 


200 400 600 800 1000 
Fig. 3. Curve I. Ordinate: arterial blood-pressure in mm. Hg. Abscissa: blood flow 
through brachiocephalic artery in c.c. per minute. 
Curve II. Ordinate: pressure difference between the two sides of any of the re- 
sistances R,—-R, in mm. Hg. Abscissa: flow through the resistance in c.c. per minute. 
The curves for all six resistances lie within the broken lines. 


5. C, and C, represented the extensible capillary bed supplied by 
the thoracic aorta. The cardinal feature of the extensible parts C,, C, 
and C, was that equal increments in the volume of blood which they 
contain do not produce equal increments of pressure but progressively 
greater increments of pressure. 


In earlier models these extensible parts were made of rubber bags which possessed 
this property. These, however, were replaced by vertical glass tubular reservoirs which 
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were conical in shape. This arrangement had the advantage that at any moment the 
height of the fluid in the tubes could be noted and hence the pressures and volumes of 
blood in those extensible parts determined. The use of the word “extensible” as applied 
to such & system requires some explanation. It is intended to mean merely that the 


tubular reservoirs could hold quantities of blood varying according to the internal 


Fig. 4. Pressure volume curves of extensible parts of artificial peripheral vascular system. 
I, Curve for C, or C,. II, Curve for C,. Ordinate: cubic content in c.c. Abscissa: 
pressure in mm. Hg. 


The relation between the pressure in each of the extensible parts 
and the volume of liquid it contained is shown in Fig. 4. Thus alterations 
in the distribution of the blood between C,, C, and C, were easily 
measured. 
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III. CoMPARISON OF PROPERTIES OF ARTIFICIAL PERIPHERAL VASCULAR 
SYSTEM WITH COMPARABLE PROPERTIES OF ANIMAL'S PERIPHERAL 
VASCULAR SYSTEM. 


(1) Changes in the systemic output and arterial blood-pressure 
following various comparable experimental procedures. 
The comparison between the behaviour of the animal’s vascular 
system and the artificial peripheral vascular system attached to the 
heart and lungs is to be seen in Table I. This table is compiled from 


TaBLE I, Changes in systemic output and arterial blood-pressure following comparable 
_ experimental procedures in the animal and in the artificial vascular system. 
The figures in heavy type refer to the animal; those beneath to the heart 
and lungs attached to the artificial peripheral vascular system. 


pressure (c.c, per pressure (c.c. per mic 
(mm, Hg) min.) (mm. Hg) min.) output 
Injection of 50 c.c, blood 48 530 14 825 +56 
71 690 86 785 +14 
Complete occlusion of thoracic 112 920 250 1070 +18 
. 575 200 650 +13 
Complete occlusion of brachial BA 460 102 410 -10 
61 375 80 375 Nochange 
Complete occlusion of superior 70 830 + 340 -45 
vena cava 62 380 62 280 — 26 
Com occlusion of inferior vena 63 710 25 124 — 83 
cava. \ 65 440 53 92 -79 
ocolusion of thoracic 69 390 95 200 49 
aorta and inferior vena cava 76 640 96 320 - 50 
Simultaneous occlusion of brachial 76 300 76 225 — 25 
artery and superior vena cava 72 690 82 570 ~i7 
Partial occlusion of whole aortic 80 7104 140 528 -25 
path 50 240 160 140 -41 


typical tracings taken during experiments on the animal and described 
in a previous paper [1931]. The artificial peripheral vascular system was 
used in six experiments. The publication of all the tracings is not 
practicable. Only the tracings for the variations in arterial blood- 
pressure and in systemic output after complete occlusion of the thoracic 
aorta (Fig. 5) and after partial occlusion of the ascending aorta (Fig. 6) 
are shown. Throughout this series of observations no alteration in the 
adjustment of the artificial peripheral vascular system was made, other 
than changes in the blood content. The various great vessels referred to 
in the table were of course represented artificially in the artificial peri- 
pheral vascular system. Table I shows that in each case the variations 
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of the blood-pressure and systemic output in the two preparations are 
comparable. 


Fig. 5. Tracing I. Animal I. At Y 
the occlusion was removed. 
Tracing II. Artificial peripheral vascular system attached to animal’s heart and 
lungs. At X tube C (Fig. 2) was completely occluded. At Y the occlusion was removed. 
Both tracings show that this procedure caused increase in the arterial blood- 
pressure and in the total systemic output. BP, arterial blood-pressure. S = 24 c.c., 
24 c.c. passed through the stromuhr between successive vertical strokes of the record. 
T’, time in seconds. 


(2) Blood-pressures and systemic output. 
The residual blood-pressure after applying clamps at points X and Y, 
Fig. 2, was approximately 30 mm. Hg. If the distensibility of the veins 
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had been allowed for in the artificial peripheral vascular system the 
residual pressure would have been much less. The systemic output, 


Fig. 6. Tracing I. Animal 1. At A and at B a screw clamp placed on the ascending aorta 
was tightened incompletely. 
Tracing II. Artificial peripheral vascular system. At A a screw clamp placed 
at X, Fig. 2, was incompletely tightened. 
Both tracings show that this procedure caused a rise in the arterial blood-pressure 
and a diminution in the total systemic output. BP, arterial blood-pressure tracing. 
S = 24 o.c., 24 c.c. passed through the stromuhr between successive strokes of the 
record, 7', time in seconds. 


arterial and venous pressures varied between the limits generally ob- 
served in the animal. 
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(3) Relation between arterial blood-pressure and blood flow through 

the peripheral vascular system. 

Measurements of the arterial blood-pressure and blood flow through 
the brachiocephalic artery were made in a preparation which allowed 
the arterial blood-pressure to be altered at will. The relationship between 
arterial blood-pressure and blood flow through the brachiocephalic artery 
was determined for a wide range of pressures. This relationship is shown 
in Qurve I, Fig. 3. The resistances used in the artificial peripheral vas- 
cular system and shown in Fig. 2 were constructed as alike as possible. 
Two of these resistances in series have, as nearly as possible, the same 
pressure flow relationship as shown for the animal’s —- 


artery in Fig. 3. 


(4) Relative flows through the thoracic aorta and brachwocephalic artery. 

Since the flow through the thoracic aorta was found to be double 
the flow through the brachiocephalic artery in the preparation described 
previously [1931], the artificial peripheral vascular system used in the 
present investigation was designed so that the flow through the circuit 
representing the vessels supplied by the thoracic aorta had double the 
flow through the circuit representing the vessels supplied by the brachio- 
cephalic artery. All six resistances in the artificial system were alike 
(Fig. 2), thus these conditions were obtained. 


(5) Capillary blood volume, blood-pressure and distensibility. 

The animal’s large and distensible capillary bed has been imitated 
by the conical tubes C,, C, and C, (Fig. 2). Usually these contained 
about 200 c.c. of blood which amounts to 30 p.c. of the blood volume 
of a 10 kilo dog. The pressure in C,, C, and C, was approximately 
30 mm. Hg, being nearly the same as the figure found by Landis [1930]. 
The pressure volume relations of C,, C, and C,, shown in Fig. 4, are of 
the same type as Roy [1881] found for arteries and veins, equal incre- 
ments of volume producing progressively larger increments of pressure. 

Table I is evidence that the behaviour of the two vascular systems 
is comparable and therefore it seems very probable that this type of 
capillary pressure volume relationship actually does exist in the animal. 

Fig. 4 also shows that since C, is less distensible than C, or C, it has — 
been necessary to assume that the capillary bed supplied by the brachio- 
cephalic artery is less distensible than that supplied by the thoracic 
aorta. | 
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(6) Redistribution of the blood after various procedures. 

As has been pointed out already the distribution of the blood in the 
artificial peripheral vascular system itself and the transferences of blood 
between it and the heart and lungs were readily measurable. Such 
measurements are shown in Table II. Very few corresponding measure- 
ments have been made in the animal. In a previous paper [1931] the 


Taste II, Redistributions of the blood observed in the artificial peripheral vascular 
system after various experimental procedures. 


Volume change Volume change 
in c.c, in in c.c, in 
parts C, 3 parts 
represen represen Volume change 
capill in cardio- 
pplied su 
procedure thoracic system 
Injection of 50 0.c. blood +39 + 5 + 6 
| +35 + 5 +10 
Com occlusion of thoracic -92 +21 +71 
- 86 +23 +63 
Complete occlusion of brachial +25 — 26 +1 
+27 -25 - 2 
Complete occlusion of superior - 6 +20 -14 
vena cava — 6 +16 -10 
Complete occlusion of inferior +58 - 4 —54 
vena cava | +57 -12 - 45 
plete occlusion of thoracic + 1 + 5 - 6 
aorta and inferior vena cava ~ 2 + 6 - 4 
Com occlusion of brachial +7 0 - 7 
artery and superior vena cava +7 0 - 7. 
Partial occlusion of whole aorta —42 -13 +55 
at one point — 28 - 6 + 34 


average of two determinations showed that after complete occlusion of 
the thoracic aorta the vessels it supplied yielded up 45 c.c. of blood; 
this is considerably smaller than the transferences shown in Table II 


‘after the comparable procedure. In the animal an average of 47 c.c. of 


blood was transferred to the vessels drained by the inferior vena cava 
after complete occlusion of this vessel. This figure is only slightly smaller 


_ than the corresponding figures in Table II. 


The factors which determine these redistributions of blood are: 
(a) changes in the systemic flow; (6) changes in the arterial blood- 
pressure. They would appear to act in the following manner: 

(a) Changes in the systemic flow mean: 

(i) Corresponding changes in the pulmonary flow, and as Daly 
[1928] has shown, the volume of blood in the lungs is a function of the 


- pulmonary flow. 
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(ii) Corresponding changes in the volume of blood pooled in the 


ventricles of the heart. Patterson, Piper and Starling [1914] have 
shown that the systolic volume of the heart is increased by increase in 
output. 

(6) Changes in the arterial blood-pressure cause: 

(i) Corresponding changes in the coronary flow and therefore changes 
in the output of the heart and flow through the pulmonary artery as 


shown by Anrep and Bulatao [1925]. This will influence the cardio- | 


pulmonary blood volume for the reasons given in section (a) above. 

(ii) Corresponding changes in the volume of blood pooled in the left 
ventricle. Patterson, Piper and Starling [1914] have shown that 
increase in the arterial pressure is accompanied by increase in the systolic 
volume of the heart. 

If both arterial blood-pressure and systemic output are increased 
then all these factors will act synergically to produce an increase in the 


cardio-pulmonary blood volume. Referring to Table II it will be seen — 


that after the injection of blood and after complete occlusion of the 
thoracic aorta, both of which procedures cause increase in systemic flow 
and blood-pressure, there is an increase in the volume of*blood in the 
heart and lungs. After complete occlusion of the inferior vena cava and 
after complete occlusion of the superior vena cava, both of which pro- 
cedures cause a decrease in the arterial blood-pressure and in the systemic 
output, there is a decrease in the cardio-pulmonary blood volume. After 
complete occlusion of the brachiocephalic artery which causes a small 
increase in the blood-pressure with a small decrease in flow the cardio- 
pulmonary blood volume shows a variable change. While after simul- 
taneous occlusion of the thoracic aorta and after simultaneous occlusion 


of the brachiocephalic artery and superior vena cava, which procedures — 


both cause a relatively large drop i in the systemic output compared with 
the blood-pressure rise, there is of course a diminution in the cardio- 
pulmonary blood volume as previously described [1931]. 


IV. THE APPARENT EXPLANATION OF THE PARADOXICAL INCREASE IN 
_ THE SYSTEMIC OUTPUT AFTER COMPLETE OCCLUSION OF THE THORACIC 
AORTA. 


The experiments described above lead to the utetias explanation 
of the effects of complete occlusion of the animal’s thoracic aorta. 

Occlusion of the thoracic aorta is followed by a passive collapse of 
the vessels it supplies. The blood which drains away is accommodated 
in the remainder of the vascular system mainly as follows: 
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(1) In the capillary bed supplied by the brachiocephalic artery. The 
increase in the content of these capillaries is responsible for the increase 
in the total systemic output. This increase in the systemic output is ‘the 
consequence of: 

(a) The pressure volume relations of this capillary bed. 

(6) The pressure flow relations of these capillaries and veins. 

(c) The properties of the heart as a pump as enunciated by 
Starling [1914]. 

(2) In the cardio-pulmonary system. It accumulates here owing 
to: 

(a) The distension of the pulmonary vessels by the increased pul- 
monary flow. 

(6) The distension of the chambers of the heart which accompanies 
its increase in the performance of work. 


The above analysis suggests certain factors relevant to the increased 
systemic output during exercise, other than the lowering of the mean 
respiratory pressure [D aly, 1927] and the pumping action of the muscles 
[Tigerstedt, 1909]. These factors will form the subject of a future paper. 


SuMMARY. 


1, Daly 8 preparation, consisting of the dog’s heart and lungs at- 
tached to an artificial peripheral vascular system, has been adapted to 
study quantitatively the factors responsible for changes in the systemic 
output and arterial blood-pressure in the animal itself. 

2. The properties and behaviour of this artificial peripheral vascular 
system are shown to be comparable with the properties and behaviour 
of the dog’s peripheral vascular system. 

3. Evidence is brought forward to show that the capillaries have the 
same type of pressure volume relation as Roy has shown to be possessed 
by the arteries and veins. | 

4. With the aid of this preparation the paradoxical increase in the 
systemic output in the animal after complete occlusion of the thoracic 


aorta is probably explained. 


5. The initiation of transferences of blood between the cardio- 
pulmonary system of the animal and its peripheral vascular system 
after various procedures is shown. 


I am very grateful to Prof. Barcroft for his criticism and advice. 
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ON THE ACTION OF PRECIPITATED INSULIN 
ADMINISTERED BY MOUTH. 


By EMILIO MARTINI. 
(From the Physiological Institute, University of Genoa, Italy.) 


MUKHERJEE in a paper recently published [1930] stated that he was 
able to produce severe hypoglycemia in rabbits (and also in diabetic 
patients) 2 hours after administration by mouth of the precipitate ob- 
tained by treating commercial insulin with phosphotungstic acid, and 
that he had also good results with the precipitate obtained by treating 
crude insulin prepared according to Somogyi, Doisy and Shaffer’s 
method [1924] with phosphotungstic acid. He observed typical hypo- — 
glycemia with paralysis of limbs and convulsions, but without other 
toxic symptoms. 

In view of the importance of these results I have repeated the experi- 
ments of this author. | 

I began by verifying the titre of the commercial insulin that I used — 
(Zanoni) and found it equal to that marked on the bottles. I then pre- 
cipitated the insulin with phosphotungstic acid, as Mukherjee did, 
and after separation of the precipitate by centrifugation, I administered 


The results obtained are given in the following table: 


Sugar in blood, g./litre (Bang) 
Rabbit Insulin — A 
units Before Afterl hr. After3hr. After 5 hr. After 7 hr. 
2000 100 1-55 1-35 1-35 1-10 
160 1-06 1-00 1-00 
2160 230 1-07 1-39 1-30 1-15 1-04 


These results do not agree with those of Mukherjee. Where there 


tis any diminution of sugar concentration it is very different from that 


observed by him and not such as to result in paralysis or convulsions; 


_ moreover the concentration may increase and then slowly return to 
normal. 


This contradictory result cannot be put down to a loss of activity 
during manipulation, because when injected under the skin in 1/10th 
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of the dose administered by mouth, the precipitate always gave a very 
marked fall of blood sugar, with loss of muscular tonus, paralysis and 
convulsions, 

The clear fluid separated from the precipitate proved on subcutaneous 
injection always to be absolutely without action on the blood sugar. 

Because the absence of a positive result in my experiments might 
have been due to the absence, in the commercial insulin that I used, of 
some substance present in that which he used, which when precipitated 
by phosphotungstic acid with the insulin protected it from attack in 
the gastro-intestinal tract, I have prepared a precipitate of insulin by 
the method used by Mukherjee from fresh beef pancreas. | 

In this case too the results were not like those of this author: a rabbit 
(female) 1900 g. had blood sugar fasting 1-40 g./litre; 2 hours after oral 
administration of 5/6th of the precipitate obtained from 180 g. of pan 
creas, 1-30; after 5 hours, 1-15; after 8 hours, 1-10; after 10 hours, 1-00. 

In another animal, slightly heavier, 1/6th of the precipitate injected 
subcutaneously caused a fall of blood sugar from 0-91 to 0-43 in 2 hours, 
with the manifestation of typical and violent hypoglycemic symptoms. 


CoNCLUSIONS. 
Insulin, precipitated with phosphotungstic acid, when administered 
by mouth does not act on the normal blood sugar level (in rabbits). 
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a ac DEPOSITION OF DYES IN THE MAMMALIAN 
KIDNEY. 


By H. L. SHEEHAN. 
(From the Department of Pathology, University of Manchester.) 
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INTRODUCTION. 


Tae mechanism of the excretion of urine is still a subject of ‘iia: as 
neither filtration nor secretion has as yet been proved incontrovertibly 
to occur. In a consideration of the problem it is, however, convenient 
to start from Cushny’s “Modern” theory, since it is formulated suff- 
ciently definitely to be of value as a basis of discussion. An aspect of 
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the Cushny theory which has not been investigated very thoroughly 
is the proportion of the plasma which must be filtered off from the blood 
passing through the glomeruli. Very varying opinions are held on this 
matter, and Cushny himself does not go into the problem in much 
detail. On p. 29 of his monograph [1926] he says that only a fraction 
of the plasma comes into direct contact with the cells in such a way 
that urea, etc. can be removed, perhaps one-fifth or less. (This fraction, — 
on his theory, must of course be filtered.) On p. 66 he gives figures of 
_ the excretion of urea by a cat, which require 34 p.c. of the plasma to 
be filtered. Mayrs and Watt [1922] calculate from the renal output 
and plasma content of sulphate, following very large intravenous in- 

jections of Na,SO,, that from 6 to 40 p.c. of the plasma must be filtered ; 

the average of their results is 20-25 p.c. Dunn, Dible, Jones and 
McSwiney [1925], in their study of the renal circulation rate and of 
urea excretion, calculate from their experimental results that, on the 

_ filtration theory, from 4-3 to 21-8 p.c. of the blood in the glomerular 

capillaries must be filtered off. Rehburg [1926] calculates on various 

grounds that 20 p.c. of the plasma may be filtered. These figures raise 

@ point in the filtration theory which is of some interest. The viscosity 

of the blood leaving the glomerulus by the efferent arteriole must 
obviously be raised in accordance with the amount of fluid filtered off 

in the glomerular capillaries. To take the most extreme case, if all the 

fluid of the plasma were filtered the viscosity of the blood in the efferent 

arteriole would be that of the corpuscles, which in the horse is fifteen 

times that of whole blood [Berczeller and Wastl, 1924]. In view of 

the relationship between the mechanical difficulties of filtration and the 

proportion of plasma which is filtered, it would appear to be important 

to find experimentally the greatest amount of filtration which would — 
have to be assumed to occur if the Cushny theory be correct. 

The Cushny theory rejects secretion by the tubule cells and postu- 
lates that the only pathway for an excreted substance into the lumen 
or epithelium of the tubules is by way of glomerular filtration. Therefore, 
the reduction in the percentage of a substance in the blood during its 
passage through the kidney is a direct measure of the percentage of 
plasma, filtered. Two factors only can interfere with this relationship. 
_ Any reabsorption of the substance from the filtrate into the blood will 
give an incorrectly low representation of the amount of filtration, and 
any circulation of blood through the kidney without passing through a 
glomerulus will give the same result. But it is clear that the kidney 
cannot function in such a way as to suggest an amount of filtration - 
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which is greater than the actual. The maximum percentage of blood 
filtered in the glomeruli cannot be less than the maximum percentage 
which the kidney takes up of any excretable substance in the blood 
stream. It is therefore of interest to have experimental information 
about this latter percentage. | 

The substance to be investigated must be chosen with certain points — 
in mind. It should be one which gives information about the maximum 
of filtration and should therefore be a non-threshold body. For ease of 
technique it should not be a normal constituent of blood, kidneys or 
urine. This raises the theoretical objection that the use of abnormal 
substances in the experimental study of renal function gives no con- 
clusive evidence about the excretion of normal urinary constituents. 
It is clear, however, that it is a normal function of the kidney to excrete 
abnormal constituents of the blood. Very few foreign substances can 
be introduced in solution into the blood stream without appearing, 
usually much concentrated, in the urine. Even if it be suggested that 
the kidney employs two totally distinct mechanisms, one to deal with 
normal and the other with abnormal substances, it is of interest to study 
this second mechanism. In clinical work the renal excretion of abnormal 
substances is much used as a method of measuring the functional activity 
of the organ. In physiology both the opposing theories are to some extent 
based on the excretion of abnormal substances, and they each provide 
a plausible explanation for this process. In the present investigation 
the foreign substances used have been dyes. 

- During the process of excretion of dyes by the kidney it has been 
known for many years that the cells of the tubules may take up the dye. 
Since the time of Heidenhain much research has been devoted to 
elucidating the manner and purpose of this deposition, and most of the 
extensive literature is summarized in Cushny’s monograph and by 
Scheminzky [1929] and Marshall [1926]. The crux of the question 
is whether dyes are taken up by the tubule cells directly from the blood 
in @ process of secretion or, as Cushny maintains, from the filtrate in 
a process of reabsorption. 

The amphibian kidney has been the subject of a large number of 
investigations by various methods; the results are very contradictory 
and are not clearly applicable to mammalia. The methods by which the 
function of the mammalian kidney can be studied are much more limited ; 
the excretion of dyes has usually been studied by histological or quanti- 
tative research. Histological investigations are open to too many sources 
of error to be of value when applied to dye which is in solution in or in 
14—2 


lik 
~ 
fg 
= 
A 
4 
a 
a 
4 
- 
> 
~ 


204 SHEEHAN... 


passage through the cells of the kidney, and quantitative he aaam 
appear at present the only field where study may be fruitful. 

The subject dealt with in this paper is the manner in which dye is 
taken up by the kidney ; the subsequent fate of such dye in relation to 
its excretion in the urine will be considered in another communication. 
In the present experiments measurements have been made of the pro- 
portion of dye taken up by the kidney from the dye in the blood passing 
through it. This proportion, expressed as a percentage, is termed here 
the extraction ratio. On the Cushny theory it depends solely on 
the percentage of blood which is filtered by the glomeruli; on the 
Heidenhain theory it depends on the vital activity of the cells taking 
up dye directly from the blood in the capillaries. 

A number of other observers have investigated the extraction ratio 
by measuring the reduction of the amount of a substance in the blood 
during its passage through the kidney. Other substances may be con- 
sidered here, as the investigations into the extraction ratios of dyes are 
not numerous. Starling and Verney [1925] perfused a dog’s kidney 
at a rate of less than 1 c.c. per g. per min. with blood containing phenol 
red. In the early stages 49 p.c. of the dye reaching ‘the kidney was 
taken up by it; this extraction ratio diminished to 20 p.c. at the end 
of the experiment. Addis and Shevky [1917] found in etherized 
rabbits an extraction ratio for urea varying from 0 to 23 p.c. Gibbs 
[1928] showed in birds that the extraction ratio for uric acid might be 
over 30 p.c. Nash [1922] found that, in etherized dogs with phlorhizin 
glycosuria, the sugar content of the blood was sometimes reduced by 
as much as 20 p.c. in passing through the kidney. 7 

If a substance has entered the nephrons, either via the glomeruli or 
the tubular epithelium, it may possibly return again to the blood stream, 
and this will of course lead to a lowering of the extraction ratio. This 
secondary return may be produced reflexly by severe or prolonged 
operative interference with the renal vessels. Normal blood constituents _ 
whose renal threshold is somewhat delicately adjusted, show this reflex 
effect very clearly. Thus, Addis and Shevky found that long opera- 
tions, involving the collection of blood from one renal vein after an 
operation on the other, produced so great a secondary return of urea 
that there was more urea in the renal vein blood than in arterial blood. 
Nash showed that the results of previous investigators of phlorhizin 
glycosuria, such as Levene [1895], who found more glucose in renal 
vein blood than in arterial blood, were similarly due to the operative 
technique which involved cannulation of the renal vein and bilateral 
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interference. The secondary return of uric acid noted by Folin, 

Berglund and Derick [1924] may possibly be reflex from the opera- 

tion, or due to the direct toxic action of the uric acid on the kidney 

cells which has been investigated by Dunn and Polson [1926]: the 

return appears to begin only several minutes after the intravenous in- 

jection of the uric acid. 
DYES USED AND THEIR GENERAL CHARACTERS. 

In order to be able to measure the extraction ratio of a dye, it must 
have certain properties. As it is to be given in a small intravenous 
injection, it must be sufficiently water soluble. It should not be destroyed 
or altered in the blood or kidney during the course of the experiment, 
and it should be carried in the plasma alone and should not “flock” — 
there. It must admit of accurate estimation in the blood and kidneys; 
ly (0-001 mg.) in 1 c.c. of blood must be recognizable. Out of a large 
number of dyes investigated five were found to fulfil these requirements 
and have been used in the present experiments: No. 90, methylene blue, 
phenol red, proflavine and safranin. 

No. 90 2(p-acetylamino styryl) 6-dimethylaminoquinoline metho- 
chloride was originally prepared and studied in another connection by 
Browning, Cohen, Ellingworth and Gulbransen [1926, 1929], who 
have kindly provided all the supplies of it used in this research. It is a 
dark red powder, soluble in water and alcohol. It diffuses only very 
slowly through collodion sacs. On rapid intravenous injection it produces 
certain general toxic effects which are described later. After the ad- 
ministration of large amounts it may produce a nephritis, but the dose 
required to produce any histological changes or rise of blood urea must 
be at least five times as large as those employed in the present investi- 
gations. After intravenous injection of 10 mg. per kilo., an average of 
7 p.c, of the injected dye is excreted slowly by the kidneys, usually over 
a period of 24 hours. Browning and his co-workers [1929] have shown 
qualitatively that the dye recovered from the urine retains its trypano- - 
cidal property; a characteristic which depends on the specific chemical 
constitution of the substance. 

The methylene blue used was Griibler’s; other varieties tried were 
unsuitable. This dye is excreted slowly by the kidneys over a period of 
1-6 days; only about half the injected dye is recoverable from the urine. 
The temporary formation of the leuco-derivative in the body is a reaction 
which can easily be reversed later in vitro, and it does not affect the 
estimations at all. No toxic effects have been noted. 
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Phenol red, or phenolsulphonephthalein, has been extensively studied 
since its introduction by Rowntree and Geraghty [1910]. It is almost 
completely excreted in the urine in about 2 hours; small traces are 
destroyed in the liver. It is also non-toxic. 

Proflavine is 3.6.diaminoacridine sulphate and is a yellow dye. 
Browning and Gulbransen [1918] found that fully a third is excreted 
- in the urine during the 2 days after intravenous injection. It is toxic to 
rabbits in doses fifteen times greater than those used in the present 
investigations; no toxic effects were ee in any of the experiments 
reported here. 

The safranin used was safranin O, Grabler. No toxic effects were 
observed. 

After intravenous injection all these dyes accumulate rapidly in the 
kidneys, which usually show deep staining of the cortex within 1 min. 
The dyes appear in the urine somewhat later. The rapidity of this de- 
position in the kidneys indicates that experiments to find the extraction 
ratios of the dyes should be performed within the first minute after the 
injection. 


EsTIMATION OF THE DYES IN BODY TISSUES AND FLUIDS. 

The dyes can be extracted from blood and tissues by means of 
absolute alcohol. The crude extract is separated by centrifugation in 
order to avoid loss by adsorption on filter paper. It is slightly turbid 
and contains traces of blood pigments. Both turbidity and pigments 
can be removed completely by treatment with a solution obtained by 
adding 2 g. of lead acetate to 100 c.c. of absolute alcohol, and filtering 
after 2 hours. This solution is quite stable. 


Blood. 


One c.c. of the oxalated sample of blood is added drop by drop to 
10 c.c. of absolute alcohol and thoroughly shaken. After 18 hours the 
mixture is centrifuged, and to the supernatant fluid is added 1 c.c. of 
the lead reagent. An opalescence appears on mixing; after about an 
hour or two this settles to the bottom in large flocks and is then 
centrifuged out. 

The supernatant fluid is read in a Kober colorimeter against a 
standard solution of the dye i in alcohol. 

All the dye remaining in the precipitated blood can be recovered by 
two further extractions with alcohol, which yield, according to the dye 
used, from 7 to 20 p.c. of the total amount recovered. There is no loss 
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of any of the dyes by adsorption by the lead precipitate. Numerous 
control estimations in which dye was added to blood showed that the 
amount could be estimated to ly of dye in 1 c.c. of blood. In addition 
there is a possible error of about 3 p.c. of any reading, arising from the 
difficulty of accurate colorimetric measurement. 


Tissues. 

Each kidney is crushed up with 50 c.c. of alcohol. When fixation is 
complete the alcohol is pipetted into a flask and the debris of the kidney 
is ground to a fine cream which is added to the alcohol in the flask. 
The whole is made up to 100 c.c. and left to stand 18 hours. The further 
technique is as detailed for blood. Small traces of urinary pigments are 
present in the final extracts and render the estimations of dye slightly 
less accurate than in blood; the downward limit of accuracy is about 
20y of dye in a whole kidney. 

Other tissues are extracted similarly to kidneys; the only difficulty 
being in the case of the liver where bile pigments are present in the final 
extracts. No satisfactory method could be found for removing these 
without loss of dye, and estimations are only accurate to about 300y 
of dye in the whole liver. 

Phenol red. 


The only dye involving special treatment is phenol red. As nee 
by Marshall and Vickers [1923] and Bernheim and Hitotsumatsu 
[1924] the addition of an alkali makes the colour more suitable for 
estimation. This, however, produces a precipitate in the extracts, and it 
has therefore been necessary to devise further technique to dissolve this 
precipitate and thus obviate filtration. The alkaline extract is made up 


as follows: | 
Clear lead-treated extract sie yee 10 c.c. 


N NaOH .. 1 


The mixture is thoroughly shaken to remove bubbles of gas and is then 
quite clear and suitable for colorimetry. It is usually necessary to use 
the exact quantities of reagents indicated, as the balance of their solvent 
actions is somewhat delicate. Very occasionally kidney extracts require 
about 1 c.c. more ether tc =-.-) perfect clearness. 

The alkaline extract is of course read against a standard dye solution 
made up from the same reagents. 
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Estimation of No. 90 in urine. : 
A modification of the method of Browning, Cohen, Ellingworth 
~ and Gulbransen [1929] was found most suitable. | 

0-5 c.c. of a saturated solution of calcium phosphate in 5 p.c. HCl 
is mixed with a volume of urine not greater than 10 c.c., and 1-0 c.c. 
of 20 p.c. NaOH is added and mixed. After an hour the precipitate is 
removed by centrifugation; it contains all the recognizable dye. This 
precipitate is extracted twice with boiling alcohol; the solution so ob- 
tained is centrifuged until clear and its dye content estimated colori- 
metrically. 

This method appears to extract all the dye, but it suffers from one 
difficulty which has not been surmounted. Any precipitates formed in — 
rabbit urine adsorb a small quantity of urinary pigments, of which the 
two chief ones, urochrome and uroleporin [Boycott and Douglas, 
1910], are soluble in alcohol. These are present in the extracts and 
interfere to some extent with colorimetry. (The pigmentation which 
occurs in the urine on feeding with carrots was avoided by the diet 
used.) The possible error in estimations is certainly much greater than 
in the case of blood or kidney, and is probably about 10 p.c. 


DETERMINATION OF RENAL EXTRACTION RATIOS. 

As previously explained, the chief object of study is the determina- 
tion of the extraction ratio, t.e. the proportion of dye taken up by the 
_kidney from the dye in the blood passing through it. There are two 
main lines of investigation of the problem. Following the intravenous 
injection of a dye comparisons may be made: 

(1) between the percentages of dye in corresponding samples 

(a) of renal artery blood, and 
(6) of renal vein blood, 
at a specific time during the experiment; 
or (2) between the total amounts of dye 
(a) carried by the blood to the kidney, and ~ 
(6) retained by the kidney, 
during the whole period of the experiment. 


These two procedures are referred to respectively as oe short 
sample and experiments. 
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Part I. THE RELATION BETWEEN THE PERCENTAGE OF DYE IN CORRE- 
SPONDING SAMPLES OF RENAL ARTERY BLOOD AND OF RENAL VEIN 
BLOOD: 

The short sample experiment. 


The first series of experiments by the short sample method involve 
the injection of a dye into the blood stream and, after a short period, 
the ascertaining of the dye content of corresponding samples of blood 
from the renal artery and vein. The short period is required to allow 
the dye to flow through the kidney. When a dye is injected into the 
blood stream the dye content of the blood rises suddenly to a peak and 
then falls at a certain speed depending on the particular dye under 
investigation. As the dye content of the blood is falling at the time 
the blood samples are being collected it is of importance that the arterial 
and venous samples should correspond, i.e. that they should represent 
the same sample of blood before and after passing through the kidney. 
Thus the time-at which the arterial dye content is to be determined is 
the time at which the “venous sample” is still in the artery; the venous 
blood itself being collected after an interval corresponding to the renal. 
circulation time. 

It is naturally impossible in practice to take a sample of blood from 
the renal artery and to allow at the same time a continuance of the 
renal blood flow. Thus, although the dye content of the venous blood 
can be found by direct sampling, indirect methods must be adopted to 
ascertain the percentage of dye in the renal artery blood. 

The obvious method for ascertaining the dye content of the renal 
artery blood, is to take a sample of blood from some other artery at the 
correct time interval before the collection of the renal veiti sample, but 
this has certain inherent difficulties. As will be explained later, any © 
such interference with the arterial system is liable to produce gross 
general vasomotor disturbance reflected in alterations of the circulation 
rate and of the effective volume of circulating blood; in particular the 
renal circulation rate may be reduced very markedly. As a result, the 
method is unsatisfactory. 

The taking of a little blood from the renal vein has, however, no 
noticeable effect on the general circulation, as judged from the arterial 
blood dye content. To obtain both specimens of blood without disturbing 
the dye content of either, it is thus advisable to take the arterial sample 
after, and not before, the venous sample. This necessitates a correction 
of the arterial blood dye content to the time at which the arterial sample 
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should theoretically have been taken. Such a correction can be made 
from a knowledge of the rate of disappearance of the dye from the 
arterial blood throughout the period of the experiment. 


General experimental details. 

Certain standard details apply to all renal vein experiments reported 
in this paper. 

The animals used have been rabbits weighing between 2-0 and 2-4 kg. 
They were kept for a few days previously on a diet of oats and cabbage 
with no carrots and without additional water, and were not used if 
showing any signs of illness. At the time of the experiments some had 
just been feeding, others had been 12 hours without food; this factor 
was not controlled. 

The dye was given by a standard intravenous injection, into an ear 
vein, of 10 mg. in 1 c.c. of water, or in the cases of safranin and proflavine 
in 2 c.c. of hot water. The injection was made at a constant rate and 
occupied exactly 10 sec. The needle was left in situ, and 1-5 c.c. of 
physiological saline were injected through it during the next 5 sec. to 
wash through the vein. The same syringe was used for injecting the dye 
in all experiments. After the injection the ear was examined, and if 
dye was seen in the lymphatics the experiment was discarded. It was 
discovered after some of the earlier experiments that dilatation of the 


ear vessels is accompanied by renal vaso-constriction. In subsequent 


experiments, therefore, rabbits whose ear vessels were dilated were not 
used. 

This injection period of 10 sec. is over twice the shortest circulation 
time of the rabbit; the mean shortest circulation time from ear to ear 
in the rabbit was found by Loevenhart, Schlomovitz and Seybold 


[1922] to be 4-71 sec, The output of the heart of a 2 kg. rabbit in 10 sec. 


can be calculated to lie between 56 c.c. and 200 c.c. from the figures of 
Yandell Henderson [1923] for the stroke volume of the heart, and 
of Dominguez [1927] for the rate of the heart. These figures appear 
very high; an output of 50-90 c.c. for the left ventricle is sufficient 
to account for the maximum concentrations of dye found in the blood 
in certain experiments to be described later. As, however, the blood 


volume is only about 100 c.c., and as the dye is injected into this blood — 


at a constant speed, it appears probable that a fairly complete mixture 
of dye with the blood occurs during the injection or very shortly after- 
wards. No indication of incomplete mixing after 20 sec. could be found 
in the results of the ear-bleeding experiments which are described later. 
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The suggestion of Folin, Berglund and Derick [1924], that in a dog 
an intravenous injection lasting 2-4 min. is not intimately mixed with 
the blood until 3 min. after the end of the injection, does not appear to 
rest on any secure foundation. : 

_ The anwsthetic used was urethane in 20 p.c. solution, injected intra- 
venously. This produced a very complete anesthesia and was quite safe 
when the injections were made at a rate of 1 ¢.c. in 30 sec. 10 c.c. of 
the solution were injected into an ear vein followed after 20 min. by a 
further 10 c.c., and the operation was begun about 30 min. after this 
second dose. 

No. 90 when given intravenously may cause a period of unconscious- 
ness followed by death, or if a smaller dose is given the animal may 
recover. In one series of experiments it was used as an anesthetic for 
operative procedure without any preliminary urethane. Following an 
intravenous injection of 10 mg. of No. 90 in 10 sec., the animal becomes 
completely unconscious in about 20 sec. and apnoea rapidly follows. The 
heart continues to function, apparently fairly normally, for about 2 min. 
longer, but death nearly always ensues from asphyxia. With smaller 
doses, particularly if given less quickly, the apnoea lasts a variable 
period, and the animal then starts breathing and recovers in a very short 
time. Doses of 1-5 mg. at once, or of 10 mg. in 10 min. produce no effect. 
No operation was commenced under No. 90 alone until anesthesia was 
established. As these experiments were under a minute in duration no 
evidence of circulatory failure was seen, and whenever after the opera- 
tions the heart was removed, it continued to beat for some minutes on 
the table. 

In other experiments, not involving the use of anesthetics, the 
animals were killed by a blow on the head. 

The time of every detail of procedure was recorded in all experiments. 
These times were measured from zero at the beginning of the injection. 
They were registered by stop watch and carefully checked, and are 
accurate to single seconds. 

From the short review of the literature given previously it will be 
Clear that operations on the renal vein must be rapid and, as far as 
possible, gentle, and that interference with both kidneys is to be avoided. 
All operations were conducted with these points in mind. The blood flow 
in the renal vein was never arrested even momentarily. The various 
operations require five, or in certain cases six, carefully trained assistants. 
in order to obtain reliable and accurate results with the desirable speed. 
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Operative 
The sited was anesthetized with urethane, except in one series of 
experiments with No. 90. The dye was given by the standard injection 
and the operation was begun at some prearranged time, usually from 


20 to 40 sec. later. The abdomen was opened by a mid-line incision and» 


the intestines retracted gently from the left renal pouch. Without dis- 
section, the renal vein was seized and occluded by artery forceps at 
about its mid-point, care being taken to avoid touching or pressing on 
the renal artery. At the exact instant the forceps were closed, the renal 
vein was incised distally with a fine pair of scissors, and the,escaping 
blood aspirated into a small oxalated tube for 10 sec. from the time of 
opening of the vein. Both kidneys were then rapidly removed, the 
thorax opened, and an incision made into the heart, directed as far as 
possible into the left ventricle. As this incision was being made, a broad 
oxalated tube was placed beneath the heart and a few c.c. of blood 
collected during a period of 2 or sometimes 3 sec. The dye contents of 
the blood samples and kidneys were estimated colorimetrically. 

Aspiration of the venous sample was performed with a simple appa- 
ratus. This consisted of a small lightly oxalated test-tube closed by a 
rubber cork through which passed two short pieces of fine glass tubing. 
One of these glass tubes was bent at a right angle and its outside tip 
was bluntly serrated; the other tube was connected by rubber tubing 
to a mouthpiece. In the operation the tip of the angled tube was dipped 
into the escaping blood and suction applied at the mouthpiece; the blood 
was thus aspirated into the test-tube. The period of 10 sec. was required 
for the obtaining of a sample large enough for estimation, as all the 
blood which flowed was not collected. The blood was, as far as possible, 
sucked up directly it escaped from the vein, to avoid possible loss of 
dye due to absorption by the peritoneum. Controls with blood which 
was allowed to collect in the renal pouch showed, however, no loss of 

dye; this obtained both for renal artery and renal vein blood. No ascitic 
fluid was encountered in any animal. 

The whole operation was performed expeditiously in order to avoid 
as far as possible any reflex effects. The mean times for fifteen conse- 
cutive unselected experiments are as follows: 

Beginning of laparotomy incision to opening of renal vein ... 10} sec. 
Renal vein bleeding... 


‘End of renal vein bleeding to opening of heart and removal of 
both kidneys | 44 » 
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A large number of control experiments were performed in which the 
operation on the renal vein was omitted. In these experiments the mean 
time from the beginning of the laparotomy incision to the completion 
of the operative procedure (the removal of both kidneys and opening 
of the heart) was 74 sec. The dye content of the heart blood and of the 
kidneys showed no difference between the groups with and without renal 
vein operation. No evidence was obtained of general circulatory dis- 
turbances or of alterations in the functional activity of the kidneys 


_ resulting from the short sample operation. 


In all experiments the total renal blood flow was judged as nearly 
as possible from the measured volume of the blood sample from the 
renal vein, and from approximate estimations of the volume of blood 
remaining uncollected. The blood flow can with practice be estimated 
in this way to about 0-5 c.c. From this estimate the approximate renal 
circulation rate was calculated for each animal; the error being probably 
not more than 0-5 c.c. per g. per min. 

Direct measurement of the following quantities and their times were _ 
obtained from the experiments: | 

(1) The percentage of dye in the renal vein blood. 

(2) The percentage of dye in the heart blood. 

(3) The approximate renal blood flow. 

(4) The total amount of dye in the left kidney. 

(5) The total amount of dye in the right kidney. 


The last three quantities were measured for the purpose of control of 
the method. | 


The interpretation of the experimental data. 


More detailed consideration must now be given to the method by 
which the extraction ratio can be found from these experimental data. 
The initial problem is the estimation of the dye content of the arterial 
blood which corresponds to the renal vein sample. This involves a pre- 
liminary study of the dye content of the arterial blood at different times 
after the intravenous injection and under various conditions. The results 
obtained provide the correction factor necessary for the calculation of 
the required renal artery blood dye content from the observed heart 
blood dye content. This correction is small but of much theoretical 


importance. | | 
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The dye content of the arterial blood and the factors affecting t. 

There is an extensive literature on the rate of disappearance from 
the circulating blood of dyes and other substances injected intravenously. 
The information deals, however, only with the dye content of the blood 
at times measured in minutes. No reference has been found to detailed 
examination of the blood during the first minute at times measured in 
seconds. It has therefore been necessary to investigate the subject in 
much detail though only the more salient factors need be mentioned here. 


y of methylene blue per c.c. of arterial blood 


50} 
Cc 
i i i 
20 4 60 


Seconds after start of injection of dye 


Fig. 1. Mean blood curves of methylene blue. Effect of ear bleeding. 


A. Controls without ear bleeding or urethane. 
B. Ear bleeding without urethane. 
C. Ear bleeding with urethane. 


The content of dye in the heart or arterial blood, plotted against the 
time following a standard injection of the dye, describes a fairly regular 
curve in similar animals under the same experimental conditions. There 
is an initial sharp rise to a peak, followed by a more gradual fall corre- 
sponding to the removal of the dye from the blood stream. This curve 
is referred to here as the blood curve. It is different for each dye, 
but it is also altered by anesthesia or by various forms of operative 
interference. 

This can be made clear from the actual blood curves obtained from 
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various types of experiments. In Fig. 1 are given the curves from a 
number of experiments with methylene blue. Curve A is from seven 
control animals in which a single sample of blood was collected from 
the heart at various intervals after the injection. The blood samples 
were taken within 5 sec. after killing the rabbit by a blow on the head. 
The dye was usually obvious in the vessels of the opposite ear to that 
in which the injection was given at about 6 sec. after the beginning of 
the injection. The part of the curve shown is the only part established 
by actual estimations. 

Curve B shows the effect of ear bleeding. It is drawn from the average 
figures of ten animals. In these, samples of blood were collected over 
eight successive 8 sec. periods from the marginal vein of one ear, starting 
at the same time as the beginning of a standard injection of dye into 
the other ear. The vessels of the ears were kept widely dilated and the 
8 sec. samples of blood measured sometimes over 2 c.c. each; the blood 
can be taken as arterial for all practical purposes. The whole course of 
the blood curve can be plotted; it will be seen that this curve is ex- 
ceedingly high as compared with Curve A. The dye takes about 12 sec. 
to reach the opposite ear, whereas in the controls above it took only 
about 6 sec. It may be noted here that in these animals very little dye 
was deposited in the kidneys. ; 

Curve C shows the effect of urethane on the ear-bleeding blood curve. 


It is drawn from the average figures of four animals which were fully 


anesthetized with urethane and then subjected to the ear-bleeding ex- 
periments as just described. It will be seen that the circulation time 
and the height of the blood curve are much nearer normal levels. In 
these experiments the kidneys contained nearly as much dye as the 
controls. 

Experiments on the effect of bleeding directly from an artery showed 
that the height of the blood curve is raised very much more than with 
ear bleeding; these results are not shown in the figure. 

The effects of the renal vein operations described in this paper are 
shown in Fig. 2. The graphs are drawn from estimations of one sample 
of heart blood taken at the end of each experiment, so that only the 
falling parts of the curves are obtained. In this figure the dye used 
was No. 90. 

Curve A shows the blood curve of twenty-one control rabbits. It 
coincides exactly with the blood curve of thirteen animals on which the 
short sample experiment was performed under the anzsthesia produced 
by the dye only. 
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Curve B is drawn from six animals under urethane but without any 
operation; it coincides with the curve of seven animals on which the 
short sample operation was performed under urethane. 

Curve C is drawn from twelve animals upon which the long sample 
operation was performed under urethane. This involves more prolonged 
operative interference than the short sample operation. | 

The results shown in these two charts demonstrate that the rate of 
fall of the dye content of the blood varies with the method used for the 


y of No. 90 per c.c. of heart blood 
S 


20 40 60 
Seconds after start of injection of dye 
Fig. 2. Mean blood curves of No. 90. Effect of operations and of urethane. 


A. Short sample experiments and controls without urethane. — 
B. Short sample experiments and controls with urethane. 
C. Long sample experiments with urethane. 


collection of the blood and with the presence or absence of urethane. 
With no operative interference except the injection of the dye, or with 
the short sample operation, the disappearance of the dye is most rapid. 
Longer and more severe operations, as in the long sample experiments, 
reduce the rate of removal of the dye to some extent, while if the blood 
is withdrawn from an ear with dilated vessels, or from an artery, the 
rate of removal is very much reduced. The effect of urethane in all types 
of experiment is to increase the rate of disappearance of the dye from 
the blood. | 

These observations make it clear that the blood curves of individual 
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animals are similar only when the experimental conditions are constant. 


The curve obtained by repeated arterial bleeding from a single rabbit 
gives information only about the arterial blood dye content under the 
specific experimental conditions of repeated bleeding. Experiments 
giving the blood curve from which conclusions are to be drawn con- 
cerning the dye content of the renal artery blood must be identical 
with those in which the renal vein samples are taken. To obtain the 


y of dye per c.c. of heart blood 
5 


o 


L 
20 40 60 
| Seconds after start of injection of dye 
@ Amounts of No. 90 in heart blood from individual controls and short sample 


or 


@xperimente, 
© Amounts of phenol red in heart blood from individual controls and short sample 
experiments. | 


A. Blood curve of No. 90. B. Blood curve of phenol red. 


blood curve for the short sample experiments where only one arterial 


sample is taken, it is therefore necessary to plot a series of single esti- 
mations from a number of animals under this specific operative technique. 

In Fig. 3 are shown the blood curves that have a direct bearing on 
the present experiments: namely those of No. 90 without urethane (4) 
and of phenol red with urethane (B). They are drawn from the results 
of individual short sample experiments and of controls where other 
factors were the same but no renal vein operation was — as 
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previously explained there is no difference between these two groups. 
The points show the amount of dye per c.c. of blood in a single sample 
of heart blood taken at the end of each experiment. Only the descending 
parts of the curve can be established, but this is the only part of im- 
portance in the present connection. There are individual variations from 
the curve up to as much as 10; these are probably related to differences 
of circulation through certain viscera and to differences in the height of 
the initial peak. It may be mentioned here that the height of the peak 
is very difficult to fix exactly, but that it can be inferred to lie between 
120 and 300y of dye per c.c. of blood; it probably varies widely in 
different individual experiments in accordance with variations in the 
cardiac output at the time of the injection. 

These two curves can be drawn sufficiently accurately for the purpose 
of calculations; they are not too low or of too steep a gradient, and the | 
individual variations for each curve are within a small percentage of the 
height of the curve. In the ear-bleeding experiments each individual 
blood curve shows a steady and regular fall, and it appears justifiable 
to conclude that in the experiments from which the two mean blood 
curves are drawn each individual blood curve fell steadily and fairly 
close to the mean curve. 

The gradients of these curves provide information about the rate at 
which the dye disappears from the heart blood. This disappearance 
rate diminishes slowly as the time after the injection increases. Thus 
in the case of No. 90 it is 9y per c.c. from 30 to 40 sec., and 5y per c.c. 
from 70 to 90 sec.; the corresponding figures for phenol so are By and 2y. 
The diskppeatence rate shown by the mean blood curve probably re- 
presents with reasonable accuracy the disappearance rate for each short 
sample experiment when the dye in the heart blood was not clearly 
abnormal. The probable error lies within about 20 p.c., as judged from 
the closeness on the graphs of individual estimations of heart blood ie 
to the mean blood curve. 


The calculation of the dye content of the renal artery blood. 

These disappearance rates are used in practice for the correction of 
the arterial blood dye content as follows. The minimum circulation time 
from the heart to the renal vein may be taken as 5 sec. (Stewart, 1894 
and 1922]. Thus the time to which the arterial sample is to be corrected 
is 5 sec. before the mid-point of the period of collection of the venous 
blood, 1.e. it is to be corrected to the beginning of this period. 

The dye content of the heart blood is found from the experiment. 
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It should lie in close proximity to the mean blood curve of the series, 
thus indicating that no adventitious vasomotor stimuli have interfered 
with the disappearance rate. The normal disappearance rate during the 
interval from the opening of the renal vein to the opening of the heart 
is found from the blood curve. The dye content of the heart blood at 
the time of opening the renal vein can then be calculated from this 
disappearance rate and the length of the interval. 

The absolute amount of the correction depends on the size of these 
two factors; any error in the correction is proportionate to the error in 
the disappearance rate. In order that the error in the corrected figure 
for the heart blood be relatively small, it is important that the amount 
of the correction should be only a small fraction of the amount of dye 
found experimentally in the heart blood. Thus the interval from opening 
the renal vein to opening the heart should be as short as possible and 
the disappearance rate should not be calculated from a steep part of 
the blood curve or a very early part where the blood curve is not so 
exact. If these obvious sources of error are avoided the method gives 
quite satisfactory results. For instance, in two short sample experiments 
where the renal artery was cut instead of the renal vein the following 
figures in y of dye per c.c. of blood were obtained: 

Phenol red 51 54 54 

No. 90 40 49 48 


The importance of a small correction relative to the observed dye 
in the heart blood was shown in two series of short sample experiments 
with No. 90 and with methylene blue, both with urethane. The blood 
curves in these two cases rapidly reached a low level; the heart blood 
contained very little dye at the end of the experiments. As the dis- 
appearance rate was very high the correction was often three or four 
times the amount of dye in the heart blood; the possible error is thus 
too big for any reliable calculations and the experiments have therefore 
been discarded. 

The actual amount of the possible error in the cases of No. 90 without 
urethane and phenol red with urethane is discussed in connection with 
the experimental results. One source of error may, however, be men- 
tioned here, as it is of general application to all the dyes. For purposes 
of calculation the circulation time from the heart to the renal vein has 
always been taken as the minimum, i.c. 5 sec. It is not impossible that, 
when the renal blood flow is low, this circulation time from heart to 
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renal vein may be definitely longer. Thus the dye content of the renal 
artery blood may in some cases have been under-estimated. This possible a4 
error would lead to slight under-estimation of the extraction ratio; errors . 
in this direction may be ignored in view of the purpose of the experi- 
ments, 

The dye content of the heart blood thus calculated is the percentage 
of dye which would have been found in the heart blood at the beginning 
of the collection of the venous sample. For the purpose of the investi- 
gation, it may be taken as the percentage of dye in the renal artery 
blood at that time. There are three possible sources of slight error in 
this assumption: 

(1) The time for the passage of blood from the left ventricle to the 
renal artery is about 1 sec. 

(2) The heart blood is actually collected over a period of about 2 sec., 
but the time recorded is the beginning of the period. 

(3) The sample of heart blood contains frequently not et left 
ventricle blood but also some from the right ventricle which would not 
have arrived at the left heart for about another 3 sec. 

Each of these factors tends to make the estimate of the renal artery 

_ blood dye content somewhat lower than it actually should be. The 
summated error is, however, probably not more than 5 p.c. of the 
reading, and as it is important in this investigation that there should 
be no over-estimation of the dye in the renal artery blood, this error 
has been neglected. No known experimental error can give rise to any 
spuriously high readings. 

Stability of the dye in the blood stream. 

One point remains to be dealt with before the results of the actual 
experiments are considered. As there is a great deposition of dye in 
the kidney, it would appear reasonable to assume that the loss of dye 
by the blood going through the kidney is due to the taking up of the 
dye by the kidney. It is, however, necessary before accepting this 
assumption, to prove that the loss is not due to destruction of dye by 
the blood itself. A fundamental point with regard to any dye used in 
work of this kind is that it shall be quite stable in the blood stream, i.e. 
that the essential molecular structure shall remain intact so far as the 
action of blood on it is concerned. A temporary change of colour in 
the body is of no importance, if afterwards the colour can be easily and 
completely restored before the estimation of the dye: e.g. “indicator” 
phenomena do not interfere. But it will be clear that, if the dye is 


= 
+ 
- 
‘ge 
te 
a 
i 
ref Py, 


DEPOSITION OF DYES IN KIDNEY. 221 


destroyed by the blood while passing through the kidney, quantitative 
studies can only give useless information about the combined effects of 
renal activity and of destruction by the blood. 

Tests am vitro showed no destruction by the blood of any of the dyes 
used in this research. A certain quantity of dye was added to fresh 
oxalated blood, and the dye content of the mixture was estimated at 
once, and also after incubation for 24 hours. No loss of dye could be 
detected in either sample. This result showed no variation when the 
mixture was made from blood which had been shed only a few seconds, 
or which had been allowed to stand on the bench for several hours. It 
held good over a range of 2-100 of dye per c.c. of blood. 

_ A-similar proof is that blood collected after the intravenous injection 
showed no difference in its dye content when it was examined within 
10 sec, of collection and also after several minutes. It was incidentally 
a matter of indifference whether the blood used in any of these tests 
was arterial or venous. 

The absence of in vitro destruction does not of course preclude the 
possibility of in vivo destruction by the blood, information as to which 
can only be obtained from the experimental results. The proof of the 
complete absence of destruction of dyes by the blood in vivo presents 
great difficulties, but for the purpose of finding the widest conceivable 
limits of such destruction it is useful to consider a quite impossible 
hypothesis which exaggerates the importance of the destruction to the 
extreme. The hypothesis proposes that all the dye which disappears - 
from the blood stream has been destroyed only by the blood itself; that 
no dye has left the vascular system to be taken up or destroyed by any 
tissues. In such a case it is clear that the rate of disappearance of dye 
from the heart blood represents the maximum rate of destruction of 
dye by the blood. Thus if the dye content of the renal artery blood lies 
on the mean blood curve, the dye content of the corresponding renal 
vein sample must lie on the mean blood curve also; of course slightly 
lower as it is 5 sec. later. This slight lowering is the maximum reduction 
possible on the suggested hypothesis during the passage of blood through 
the kidney. In actual fact it is only about 10 p.c. of the reduction found 
experimentally. When it is remembered that the dyes are actually de- 
posited in large amounts in a number of tissues in addition to the kidneys 
it will be recognized that the maximum hypothetical destruction of dye 
by the circulating blood cannot account for more than 2 or 3 p.c. of 
the dye lost by the blood going through the kidney. 
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The experimental results. 
The renal extraction ratios found by the short sample experiments. 

In Table I are collected the figures from ten short sample experiments 
with two of the dyes. The times are measured from the beginning of 
the intravenous injection of the dye. The time of opening the renal vein 
is the beginning of the 10 sec. period of collection of the venous sample; 
as explained above, the dye content of the renal artery blood is calcu- 
lated to this figure. 


Tasxz I. Results of short sample experiments, 


Time of “ 
(sec. Calcu- Renal 
Renal lated § extraction 
Renal vein Heart renal ratio 
Rabbit vein Heart sample sample artery (p.c.) 
No. 90 Al 30 45 11 30 42 74 
No urethane A 2 33 45 0 37 46 100 
A 3 35 49 7 38 48 85 
A 4 35 53 30 45 100 
A 5 37 51 12 35 45 74 
A 6 45 60 5 30 41 88. 
A 7 49 60 0 32 40 100 
A 8 50 715 s 18 32 75 
A 9 50 90 6 10 33 82 
Al0 55 75 0 18 29 100 
red Bl 33 45 29 46 50 42 
U ‘B3 35 46 24 44 47 49 
B 3 35 48 31 42 46 33 
B 4 37 52 20 36 4] 51 
B 5 38 49 33 50 53 47 
B 6 40 52 24 48 52 54 
B 7 40 52 26 45 49 47 
B 8 42 55 38 55 59 36 
B 9 52 65 27 48 52 48 
B10 99 112 6-26 37 4l 39 


_ The extraction ratio is the proportion of dye lost by the blood going 
through the kidney. It is calculated from the formula 
Extraction ratio = 100 ove 
It will be seen that the extraction ratios varied from 74 to 100 p.c. 
for No. 90, and from 33 to 54 p.c. for phenol red. 


The data from which these figures are calculated require some critical 
examination. The criteria of a satisfactory short sample experiment may 
be summarized as follows. Firstly, there should be proof that the blood 
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which is collected from the renal vein contained dye when it was in the 
artery. Secondly, the venous sample should be large enough for satis- 
factory estimations of dye. Thirdly, the correction for calculating the 
dye content of the renal artery blood should be small relative to the dye 
content actually found in the heart blood. 

The first pot is dealt with in more detail in connection with the 
long sample experiments. All the standards there set up are satisfied, 
and there is complete proof that in all these experiments the renal vein 
blood had contained much dye when it was in the artery. In the case 
of A7 there is evidence in Table IV of marked vaso-constriction in both 
kidneys; but in view of the time at which the operation was performed 
and the impossibility of any operative obstruction to the renal vein - 
there can be no doubt whatever as to the validity of this particular 
experiment with regard to the subject under consideration. The low 
blood flows noted below in certain experiments are clearly examples of 
sudden reflex vaso-constriction in the left kidney as a result of the 
operation; the experiments are quite satisfactory as far as the question 


of circulation of dyed blood is concerned. 


The second point is of definite importance. Errors in the estimation 
of the dye content of the renal vein blood will obviously give a false 
value to the extraction ratio. It is difficult to perform colorimetric 


estimations of any of the dyes more accurate than to ly in the volume 


of blood used, this is particularly the case when only 2 or 3y are present, 
owing to interference by very minute traces of dissolved blood pigment. 
It is certainly possible that when there is only 1y of dye in the volume 
of blood used, this trace of dye might be completely missed. In nearly 
all the short sample operations over 1 c.c. of blood was available for 
estimation, but in the cases of A2, A4, A7, A9 and A10 the blood flow 
was small and the volume of renal vein blood collected for estimation 
was only between 0-3 and 0-5 c.c. In the sample from A9 dye was 
present in sufficient quantity for estimation; in the renal vein blood 
from the other four animals no dye could be found, and comparison of 
the extracts with those of normal blood showed no difference. Assuming, 
however, that ly of dye was missed in each sample it is possible that 
the renal vein blood contained between 2y and 3y of dye per c.c. This 
would reduce these extraction ratios from 100 to between 94 and 98 p.c. 

The third point, the size of the correction, is of some importance, 
and in experiments with dyes such as methylene blue which disappears 
very rapidly from the blood it may be sufficient to vitiate the results. 
It has been previously pointed out that the dye content of the heart 
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~ blood should not be too low and should be close to the blood curve, and 
that this curve must be well.established from experimental data. The 
significance of the other two factors, the disappearance rate per 10 sec. 
at the time of collection of the heart blood, and the interval between 
the collection of the two blood samples, may be found by calculating 
the proportion between the correction and the observed dye in the heart 
blood in the actual experiments. It will be seen that in six of the No, 90 
experiments the calculated dye in the renal artery blood is between 
- 265 p.c. and 40 p.c. above the dye found in the heart blood, and that in 
four rabbits, A4, A8, A9 and A10 it is over 40 p.c. above. Even allowing 
so gross an error as one-third of the correction, the calculated figure is 
correct to within 10 p.c. for the six rabbits; it is only in A9 that the 
probable error exceeds 15 p.c. The effect of an error in the calculation 
of the renal artery blood dye would be to produce a smaller error in 
the extraction ratios. Thus, on the assumption of an error of one-third 
of the correction, the possible error in the extraction ratios is 4 p.c. in 
the case of Al and A5, 5 p.c. for A8, and as high as 6 p.c. for A9. In 
the other animals the error is negligible. hes 

In view of the low disappearance rates the phenol red experiments 
have much smaller corrections: the maximum effect of a similar correc- 
_ tion error is a 2 p.c. error in the extraction ratios. 

As the correction in all these cases is probably more accurate than 
the suggested error, the extraction ratios can be considered accurate to 
re as far as this point is concerned. 


The rates of renal blood flow. ) 

As explained previously an approximate estimate was made of the 
volume of blood escaping from the renal vein in the period of 10 sec. 

The estimated renal circulation rates of No. 90 experiments without 
urethane varied from 0:5 to 2 c.c. per g. per min. with a mean of 1 c.c. 
per g. permin. There was commonly noted an inverse relationship between 
the extraction ratios and the renal circulation rate; this matter is discussed 
later in connection with the more exact observations of the long sample 
experiments. 

In all the experiments under urethane with phenol red, methylene 
blue and No. 90 the blood flow was faster; over 2 c.c. of venous blood 
were often collected in the aspirating tube. The renal circulation rates 
were in the neighbourhood of 2 c.c. per g. per min. in the majority of 
the animals. The possible effect of urethane in inhibiting vaso-constrictor 
reflexes is discussed later. 
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The amounts of dye deposited in the kidneys. 

The amounts of dye found in the kidneys in the short sample experi- 
ments are given in Table IV. The significance of these figures is discussed 
later in connection with the results of other types of experiment. The 
only point requiring mention here is that the dye contents of the kidneys 
in the short sample experiments are normal. They give no indication of 
any gross effect resulting from the operation, as judged by the amounts 
found in controls with no operative interference save the injection. 


Part IJ, THE RELATION BETWEEN THE TOTAL AMOUNT OF DYE CARRIED 
BY THE BLOOD TO THE KIDNEY AND THE TOTAL AMOUNT TAKEN UP 
BY THE KIDNEY. 


The second line of approach to find the extraction ratio was followed 
in the long sample experiment, the general principles of which are as 
follows. The dye is injected into the blood stream and all the blood 
flowing through the renal vein is collected over a given period, starting 
at the time of injection of the dye. The kidney is then removed. The 
total quantities of dye retained in the kidney and escaping in the renal 
vein blood during the period can both be directly measured. The total 
dye carried by the blood to the kidney is obviously the sum of these 
two amounts, if no loss of dye occurs by destruction, or excretion into 
the bladder. Thus a mean extraction ratio over the whole period can 
be ascertained. This provides a useful check on the extraction ratios 
found over 10 sec. periods by the short sample experiments, though the 
operative interference of the long sample experiment is longer and more 
severe. The method appears more definite than the short sample method, 
since it avoids the necessity of any theoretical correction, and though 
it is not entirely free from possible errors, these are usually easily 
avoidable in actual practice. It is also applicable to dyes which dis- 
appear very rapidly from the blood, and is in this way of wider value 
than the short sample method. 


, The long sample experiment. 

The general experimental details, such as type of animals, anesthesia, 
injection of dye and timing, were the same as those described for the 
short sample experiment, but the operative technique itself was very 
different. 

A 10 or 20 c.c. record syringe, to which was attached an angled 
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hypodermic needle of 1-2 x 50 mm., was washed out with a saturated 
solution of potassium oxalate. 

Under urethane anesthesia the abdomen of the rabbit was opened 
and the viscera covered by a hot moist swab. Using a sharp curved 
needle a ligature was passed round the middle of the left renal vein and 
loosely tied. The renal vein was not dissected out; the only additional 
interference was that in fat animals a small longitudinal slit was made 
through the peritoneum to bring the vessels into view. The ligature 
entered the renal pedicle between the artery and vein, but for the re- 
mainder of its course it ran about 5 mm. from the vein in the fat sur- 
rounding the pedicle. Trauma to the renal plexus was thus minimized 
as far as possible. The hypodermic needle was then inserted into the 
vein proximal to the ligature, and passed in the lumen of the vessel 
towards the kidney through the loop of the ligature which was at once 
tied down firmly on it. Immediately following this the blood coming 
from the kidney was aspirated gently into the syringe and simultaneously 
a standard injection of dye into the ear vein was begun. The aspiration 
of the renal vein blood was continued steadily for various periods up 
to a minute; it is to be emphasized that in all the experiments recorded 
here there was never any recognizable obstruction to the blood flow 
and that all the blood reaching the renal vein was collected. Except 
where fat made it impossible to see, the point of the needle in the vein 
was carefully watched and the suction so controlled that the vein was 
always in a collapsed condition without being sucked flat or drawn down 
as a valve on the bevel of the needle. Variation of the strength of aspira- 
tion was found advisable to obviate the tendency to valving. A com- 
plete intermission of suction for a fraction of a second every two or three 
seconds allows a drop of blood to flow back down the needle and lift 
the vein wall from the bevel. ? 

_ In the earlier experiments the piston of the syringe was used for 
suction; the piston being drawn up a little before the puncture of the 
vein so as to leave a cushion of 2 or 3 c.c. of air in the syringe. The 
cushion is of great value not only by keeping the suction more gentle, 
but also by acting as a gauge of the force applied. In later experiments 
the syringe was used without a piston; aspiration being conducted by 
mouth suction by means of a rubber tube attached to the open end of 
the barrel. By this system the strength of suction can be regulated 
more delicately and easily. 

The rate of filling of the syringe was observed by keeping the syringe 
vertical and noting the time at which the blood reached each graduation. 
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The method is somewhat coarse but sufficiently accurate to show any 
delay or temporary arrest of filling. 

_ After a prearranged time, or in a few cases earlier if there was any 
definite slowing of the blood flow or if the syringe was too full, the 
aspiration was stopped and the kidney removed immediately. As rapidly 
as possible the right kidney was then removed and the usual sample of 
heart blood obtained. Colorimetric estimations of the dye were per- 
formed on the kidneys and blood samples. 

The early stages of the operation were conducted fairly slowly; the 
time from the first incision to the needling of the renal vein varied 
between 60 and 90 sec. Needling the vein, tying the ligature and be- 
ginning the aspiration occupied 1 sec. The mean period of aspiration 
was 39 sec., and the mean interval from the end of aspiration to the _ 
time when the kidneys had been removed and the heart opened was 
8 sec. 

The following quantities were directly measured with their times in: 


_ each experiment: 


(1) The volume of blood flow from the left renal vein. . 

(2) The percentage of dye in the whole sample of blood from the 
renal vein. 

(3) The total amount of dye in the left kidney. 

(4) The total amount of dye in the right kidney. 

(5) The percentage of dye in the heart blood. 


The last two quantities were measured for the purpose of control of 
the method. 


The experimental results. 


Out of about sixty long sample experiments the chief results of six 
representative experiments with each dye are collected in Table II. The 
extraction ratios in the group of experiments may conveniently be dealt 
with first, before the detailed consideration of the experimental pro- 
cedure and of the other findings. 

As is mentioned previously, the total dye reaching the kidney during 
the operation is the sum of (1) the dye retained by the kidney, and 
(2) the dye leaving the kidney in the renal vein blood. The percentage 
of the total dye reaching the kidney, which is found to have been de- 
posited in the kidney, is the extraction ratio. The actual formula used 
in the calculation is 


Extraction ratio = 100 ( 
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Proflavine 


of aspir- blood rate vein eft extraction 

ation collected (c.c. = blood ratio 

Rabbit (sec.)  (c.c.) per min. (y) (y) (p.c.) 
Cl 30 4-1 1-2 20 370 95 
C2 30 46 1-4 9 490 98 
C3 30 8-0 2-0 24 500 95 
C4 30 4-3 1+] 9 280 97 
C5 55 4-4 0-7 8 400 98 
C6 60 15:1 18 113 790 88 
D1 32 11-3 2-2 340 36 
D2 39 10-2 1-6 347 550 61 
D3 . 40 38s 1-0 121 360 75 
D4 44 8-0 1-7 384 480 56 
D5. 47 77 1-2 185 400 68 
D6 69 9-6 1-2 298 430 59 
El 22 4:3 1-6 69 210 75 

E2 30 9-8 2-6 343 650 65 
E3 30 5:3 1-4 64 160 71 
E4 42 49 0-9 103 350 77 
E56 45 5-9 0-9 65 210 76 
E6 59 10-7 1-4 252 480 66 
Fil 33 75 1:8 165 280 62 
F2 39 9-5 1-8 209 320° 60 
F3 60 9-2 1-3 202 200 50 
F4 64 12-2 21 220 440 66 
F5 64 13-5 2-2 351 410 | 54 
F6 66 10-5 1-0 189 270 59 
Gl 50 6-3 1-0 13 390 97 
G2 55 7-5 1-1 16 320 96 
G3 60 6-2 0-9 12 330 97 
G4 60 70 1-1 25 610 96 
G5 60 10-0 1-4 20 480 96 
G6 60 5-5 0:8 11 430 98 


The extraction ratio, obtained in this way, is a mean figure over the 
whole period from the injection of the dye to the removal of the kidney; 
whereas, in the short sample experiments the ratio is the mean over 
a period of 10 sec. only. The extraction ratios from all the long sample 
experiments including those not shown in the table lay within the 
following ranges: 


100 to 96 p.c. 
No. 90 100 ,, 88 ,, 


‘Methylene blue 


Proflavine ... 74 ,, 43 


The differences between the extraction ratios of individual experi- 
ments are accounted for in great part by differences in the renal blood 
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flow. In Fig. 4 the individual extraction ratios for three of the dyes are 
plotted against the corresponding renal circulation rates. The general 
inverse relationship between the two rates is obvious. There are minor 
individual variations, but it is clear that the renal circulation rate is 
the dominating factor. oe 
With this relationship to circulation rates in mind, the extraction 


100 


Renal extraction ratio, p.c. 


20 
0°5 1-0 5 2:0 2:5 
Renal circulation rate, c.c. per g. per min. 
Fig. 4. Relation of renal extraction ratios to renal circulation rates. 
| Long sample experiments. 
@ No. 90. © Methylene blue. @ Phenol red. 


ratios of the short sample experiments may be compared with those of 
the long sample experiments. In the former group the renal circulation 
rates were only estimated approximately, but are sufficiently accurate 
for the purpose. The renal circulation rates of the short sample experi- 
ments with phenol red were all between 1-5 and 2-5 c.c. per g. per min. ; 
the extraction ratios varied from 54 to 33 p.c. It will be seen from 
Fig. 4 that these figures are in satisfactory accordance with those of 
the long sample experiments. With No. 90 the four highest extraction 
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ratios in the short sample experiments are from animals with renal 
circulation rates of about 0-5 o.c. per g. per min.; the ratios are thus 
similar to those of the long sample experiments. The remainder showed 
renal circulation rates from 1-0 to 2-0 c.c. per g. per min.; the extraction 
ratios are about 10 p.c. below those found in the long sample experi- 
ments. This small but definite difference may possibly be dependent to 
some extent on the urethane used in the long sample experiments, but 
a more probable explanation is that the extraction ratio falls off as the 
kidneys become loaded with dye. This will of course show by short 
sample experiments which are begun after the main wave of dye has 
_ passed the kidney; it will not be so easily recognizable by the long 
sample method where only the mean extraction ratio for the whole 
experiment is found. : 


Consideration of experimental errors. 


The degree of accuracy of the estimations of the extraction ratios is 
a subject of some importance, particularly with regard to ratios near 
100 p.c. From the consideration of technical details which follows, it 
does not appear that any gross error is involved in the experiments. 
The possible errors may be discussed in connection with the two quan- 
tities measured in each experiment. 


The total dye in the renal vein blood. 


In the long sample experiments the sample of renal vein blood was 
always sufficient for duplicate estimation with 1 c.c. of blood, and the 
size of any error is thus within ly per c.c. Whenever the dye content 
of the renal vein blood is very low and thus open to a fairly high per- 
centage error, the total dye in the kidney is so much greater that the 
absolute error is of no significance. Thus for example in the case of C5, 
if it be assumed that the dye in the renal vein blood was under-estimated 
by ly per c.c. the total dye in the renal vein sample is raised to 12 
from 8y; this would only reduce the extraction ratio by 1 p.c. 

The collection of the renal vein sample presents very few anatomical 
sources of experimental error. The left diaphragmatic vein and the 
suprarenal vein both enter the renal vein proximally to the point where 
the needle is inserted. Capsular anastomoses and connections with the 
ureteric venous plexus are so minute as to be practically negligible. The 
ligature prevents any blood flowing back from the inferior vena cava 
into the syringe. Escape of dye from the kidney by lymphatics has not 

been observed and seems unlikely to be of any importance [vide Schmidt 
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and Hayman, 1929]. There can be no doubt that the sample consists 
of all the renal vein blood and only of this. 

It is also necessary to be certain that a satisfactory flow of dyed 
blood through the kidney has occurred, i.e. that the wave of high dye 
content in the blood has passed through the kidney to the renal vein 
and that the percentage of dye in the renal artery blood at the end of 
the experiment is small. No experiment has been considered satisfactory 
unless it fulfilled all the following criteria. 

(1) The renal vein blood must be collected over a minimum time 
of 30 sec., and there must be no experimental obstruction of the blood 
flow. In view of the time at which the peak in the blood curve occurs 
and the time which blood takes to pass through the kidney, it may be 
taken that the blood reaching the renal vein 30 sec. after the beginning 
of the injection has come from a low and falling part of the blood curve. 

(2) At least 2 c.c. of blood must be collected from the renal vein 
after 10 sec. from the time of beginning the injection of dye. The blood 
collected for the first 5 sec., or perhaps longer, is blood which has pro- 
bably never contained any dye, and for this reason the total-blood flow 
from the renal vein cannot be taken as a satisfactory criterion.\In this 
connection it may be mentioned that the operation on the renal vein 
often produces some vaso-constriction in the kidney of that side; if this 
was sufficient to cause any gross irregularity or diminution in rate of 
the blood flow the experiment was discarded. 

(3) The total amount of dye recovered from the kidney and renal 
vein blood combined must be over 250y. This is twice the maximum 
quantity of dye which can be collected in the kidney by tying the renal 
vein 5 sec. after the beginning of the injection and allowing the dyed 
blood from the peak of the blood curve to distend the renal capillaries 
and bank up in the kidney. 

The standard required is somewhat arbitrary, in that experiments 
may be actually quite reliable though failing to satisfy one or other of 
these points; it is, however, clear that any experiment fulfilling all three 
criteria must have had a sufficient flow of dyed blood. 

Reflex vaso-constriction in the kidney whose renal vein is interfered 
with has been referred to above. It is not of invariable occurrence but 
is very marked in certain cases, where it shows itself during the collec- 
tion of the renal vein sample as a gradual diminution of the rate of 
blood flow accompanied by a visible shrinkage in calibre of the renal 
artery. The kidney after removal is not congested and does not show 
any increase in weight as compared with its fellow. The* condition is 


a 
¥ 
ng ] 
us 
A 
on 4 
t 
g 
] 
U © 
18 
par 
it 
I 
ts. 
J 
3 
vas 
h 
ant 4 
er- 
he 
5, 
y Ry. 
ba, 
cal 
he 
ere a 
he 3 
h 
4 
ava, 
4 
not 
idt 4 
— 


232 H, L. SHEEHAN. 


easily differentiated from that seen in unsuccessful experiments where 
the renal vein is obstructed accidentally; here the arrest of the blood 
flow and the heavy blood-filled kidney give clear indications of what 
has occurred. In addition, all cases where renal vaso-constriction was 
@ pronounced feature have been discarded in order to avoid the 


-. possible inclusion of any case where incomplete obstruction was not 


Other evidence of the frequent incidence of some vaso-constriction 
can, however, be obtained from a comparison of the mean amount of 
dye in the operated left kidney with that in the untouched right kidney. 
Both kidneys receive blood with the same content of dye and are ex- 
_ posed. to the same general operative disturbance, but the left kidney is 


TaBte III. Dye in kidneys. Long sample experiments. 


Time of removal 
of kidney Dye in kidney 
(sec.) (y) 
Rabbit Left Right Left Right 
No, 90 Cl 30 37 370 500 
: C2 30 40 490 550 
C3 30 37 500 620 
C4 : 30 37 280 860 
| C5 55 64 400 600 
C6 60 68 790 860 
Phenol red D1 37 46 340 330 
D2 39 45 550 510 
D3 40 48 360 810 
D4 44 51 480 360 
D5 47 56 400 510 
D6 69 80 430 460 
Methylene El 210 350 
blue E2 30 36 650 680 
. E3 30 38 160 240 
E4 42 48 350 470 
E5 45 53 210 390 
E6 60 65 480 640 
Proflavine Fil 33 40 280 280 
F2 39 45 320 390 
F3 60 66 200 200 
Fa 64 69 440 460 
F5 64 72 410 100 
F6 66 73 270 220 . 
Safranin  @il 50 59 390 340 
G2 55 62 320 510 
G3 60 65 330 640 
G4 60 66 610 540 
G5 60 67 480 490 
G6 60 70 430 . 770 


in addition exposed to the stimulus of the local operation. In Table III 
it is seen that the left kidney frequently contains less dye than the right 
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kidney. This might be explained as due either to reduction of the renal 
circulation rate or to reduction of the extraction ratio, this second 
possibility being deduced from the previously mentioned findings of 
certain observers that secondary return may occur as a reflex from 
operations on the renal vein. As there is, however, no significant differ- 
ence in the extraction ratios between the short sample experiments and 
the more severe long sample experiments, there are no clear grounds for 
assuming any reduction in the extraction ratio. In addition the relation- 
ship between renal circulation rates and extraction ratios indicates that, 
when the blood flow is low and thus little dye is coming to the kidney, 
the extraction ratio is raised rather than diminished. It appears most 
probable that, in individual long sample operations, differences in the 
amounts of dye in the two kidneys indicate corresponding differences 
in their renal circulation rates. The left kidney was always removed 
some seconds before the right kidney; but this factor only accounts for 
a small part of the difference in their dye contents. It probably accounts 
for much of the differences seen in the short sample operations, which 
are further detailed in Table IV. The magnitude of the difference is seen 


Taste IV. Dye in kidneys. Short sample experiments. 


Time of removal 
of ki Dye in kidney 
(se. 
Rabbit Left Righ Left Right 
No. 90 Al 42 — 900 
aS 44 45 500 710 
A 3 47 49 360 470 
A 4 46 60 500 580 
A 5 48 51 920 1000 
A 6 55 58 680 700 
A 7 59 63 150 190 
A 8 65 70 320 500 
A 9 65 80 860 1000 
Alo 65 70  §00 530 
Phenol red 43 47 640 660 
: B 2 45 48 490 600 
B 3 45 50 360 440 
B4 47 53 500 490 
B 5 48 54 380 440 
B 6 48 54 270 300 
B 7 50 53 840 370 
B 8 52 57 - 420 420 
B 9 63 66 390 390 
B10 . 109 116 1000 1000 . 


by taking the mean dye in the left and in the right kidneys from a random 
collection of cases from various types of experiment. These may be 
expressed as percentages of the total dye in both kidneys. © 
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Percentage relationship of dye in paired kidneys. 
| Left Right 
29 short sample operations 47-7 52-3 
23 long sample operations 429 57:1 
53 animals without renal vein operation 49-6 50-4 


In individual unoperated animals the proportion of dye in the kidneys 
was frequently not the same, but the most uneven distribution only 
reached a ratio of 45 to 55. 3 

The indication of these findings is that in the long sample experi- 
ments the blood flow through the operated kidney averages about 75 p.c. 
of that through the right kidney; there is no support in the observations 
of the rate of blood flow in the experiments for the other possible explana- 
tion, a transient reduction of blood flow through the operated kidney at 
the time of the peak of the blood curve. The conclusion that the mean 
blood flow is reduced by 25 p.c. is in accordance with the observation 
of gradual diminution in the rate of blood flow; both appear to be de- 
pendent on reflex renal vaso-constriction, the falling rate of blood flow 
being merely an exaggeration towards the end of the experiment of an 
effect which is probably of common occurrence in many renal vein 
operations. It is possible that there may be some vaso-constriction on 
opening the renal vein in the short sample operations, and that this is 
partially responsible for the lower dye content of the left kidneys in 
these experiments, 

The total dye in the kidney. 

The dye in the kidney might theoretically be reduced by three factors; 
excretion in the urine, secondary return to the blood, or destruction by 
the kidney cells, 

The period of the experiments has been kept short in order to 
eliminate excretion into the urine, and this factor is thus probably of 
no significance. The occurrence of secondary return is very hypothetical. 
Of more practical importance is the possibility of destruction by the 
cells. Some information as to this point can be obtained from a con- 
sideration of the amounts of dye taken up by the kidney. The actual 
figures are summarized later, but certain facts which emerge from them 
may be mentioned here, 

(1) The amounts of dye found in the kidney are often very great; 
when they are low there is usually evidence that this is due to a low 
renal blood flow or to a low individual blood curve. 

(2) The mean amount of dye per kidney gradually increases with 
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the time after the injection at a rate diminishing in accordance with 
the falling height of the blood curve. 

(3) The mean amount of dye per kidney shows a clear correlation 
between the different dyes; each mean is in agreement with the extrac- 
tion ratio and blood curve of the specific dye. 

It is not possible to associate these findings with any significant 
destruction of the dyes in the experiments. Some corroboration of the 
absence of this destruction can be obtained from a consideration of the 
excretion of certain of the dyes over long periods. Phenol red is excreted 
almost completely in the urine and is therefore not destroyed in the 
body or kidneys to any extent. In the case of No. 90 the amount of 
dye excreted in the urine is rarely over 10 p.c. of the amount injected; 
the remainder must be destroyed in the body or excreted by other organs 
than the kidney. Studies in the renal excretion of this dye to be reported 
later show, however, that practically all the dye deposited in the kidney 
can be accounted for 2 hours later, though there may possibly be some 
destruction of dye by the kidney during the 24 hours after the injection. 
The indication is thus, that any destruction of No. 90 occurring during 
the first minute after the injection must, if it occurs at all, be absolutely 
negligible in amount. 

These three factors can only lead to under-estimation of the dye 
taken up by the kidney and thus to under-estimation of the extraction 
ratio; for the purpose of this study they may therefore be ignored. 

The only source of error in the direction of too high estimations of 
the dye content of the kidney is the dye in the renal capillary blood. 
The amount of this error is negligible. When the kidneys are removed, 
the dye content of the arterial blood has fallen to a low level, usually 
under 60 per c.c. for phenol red and under 40y per c.c. for the other 
dyes. The volume of blood in the kidney appears to be under 0-5 c.c. 
as judged from the colour of the kidney precipitate after alcohol extrac- 
tion. Even if this blood contained dye at the same concentration as in 
the arterial blood, the total dye in it would not be more than 30y in 
the phenol red experiments or 20y in the experiments with the other 
dyes. These quantities represent only about 5 p.c. of the mean dye 
found in the kidney, and the error may thus be neglected. 

From a consideration of all the possible errors it appears that the 
extraction ratios found by the long sample method and the short sample 
method are probably accurate to within about 5 p. c. 
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ACCESSORY OBSERVATIONS. 


Before discussing the significance of the experimental results, certain 
incidental observations which have been made seem of sufficient interest 
to place on record. . 


The blood flow through the kidney. 


The renal circulation rates measured for the left kidney by the long 
sample experiment are a mean over a period of 30-60 sec. Any vaso- 
constriction, either continuous throughout the experiment or only show- 
ing itself towards the end, will lead to a lower rate than that obtained 
at the moment of puncture. Three animals which had high initial rates 
but which developed renal vaso-constriction later may be cited. The 
time of collection of the first 5 c.c. of blood from the vein gives a renal 
circulation rate for E2 of 3-0, for F2 of 3-1, and for F'4 of 3-7 c.c. per g. 
per min. The only obvious error is that the rate may be increased slightly 
by the volume of blood in the renal vein at the beginning of — 
since the vein is empty when the needle is removed. 

Under the conditions of the long sample experiment the renal circu- 
lation rate of the left kidney for the whole period of aspiration varied 
in different animals from 0-6 to 2-6 c.c. per g. per min. with a mean 
of 1:3. The tendency of the experiments with safranin to show a lower 


rate than the others may be fortuitous, but the question has not been ~ 


investigated further. 

In each individual experiment a rough estimate of the blood flow 
through the right kidney can be made by calculating from the observed 
blood flow through the left kidney and the proportion between the 
amounts of dye in each kidney. This gives renal circulation rates for the 
right kidney lying with one exception within the range of 0-6-2-6 c.c. 
per g. per min. which was found for the left kidney. The animal C4 
must have had a circulation rate through the right kidney of 3-5-4-0 c.c. 
per g. per min. The mean of the calculated circulation rates through the 
untouched right kidneys is 1-7. These figures are, however, possibly 
somewhat on the low side; the relation between the extraction ratio 
and the renal circulation rate, which is discussed earlier, suggests that 
the actual circulation rates through the right kidneys may have been 
rather higher, perhaps 20 p.c. or more than those calculated. 

A consideration of the results of all types of experiments, and in 
particular of the amounts of dye which are deposited in the kidney, 
suggests that the renal circulation rate is probably very variable under 
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different conditions and that it may be anywhere between 4 c.c. and 
0-2 .c. per g. per min. 

These figures are in agreement with those of other observers; recent 
figures for rabbits are those of Dunn, Dible, Jones and McSwiney 
[1925] of 0-66-4-19 c.c. per g. per min., Hayman and Starr [1925] 
1-2-3:7 ¢.c. per g. per min., and Livingston [1928] 2-7-4-1 c.c. per g. 


per min. 


The dye content of the kidneys from various 
types of experiments. 5 

No salience has been found in the literature to any quantitative 
estimations of the deposition in the kidney of dyes or other substances 
within a minute after their intravenous injection. It is therefore of 
interest to consider in more detail the amounts found in the present 
experiments, 

In any experiment the amount of dye deposited i in the kidney de- 
pends on the extraction ratio, the mean dye content of the blood, and 
the volume of blood reaching the kidney in the time. These factors are 
all variable, the last particularly, not only from animal to animal but 
possibly also to some extent in a single animal during the course of an 
experiment. As a result the amounts of dye taken up by the kidney in © 
any series of experiments show marked variations. In Fig. 5 are shown 
the amounts of dye in single kidneys of all animals which received in- 
jections of No. 90 whatever the type of experiment, plotted against the — 
time at which each kidney was removed. The great variation in the 
rapidity with which the dye may be taken up is well seen. The highest 
points, which are of the greatest interest, are from two unanmsthetized 
control animals. Of the total dye injected, one had accumulated, in 
both its kidneys together, 20-3 p.c. at 40 sec., the other 24-8 p.c. at 
65 sec. after the beginning of the injection of the dye. It will also be 
seen that the dye in the right kidney of C4 is near the maximum line; 
this suggests that the maximum renal circulation rate in the series of 
experiments approximates to that calculated previously for this animal, 
t.e. 3°5-4-0 c.c. per g. per min. 

The figures for controls and for various renal vein operations are 


_ differentiated in the chart; they lie within the same range of variation 


and the scatter is fairly uniform. It may be inferred that the operations 
have no constant effect on the rate of deposition of the dye in the kidneys. 
It will also be seen from the chart that the dye accumulates in the 


kidney more rapidly in the ee than during the second, 
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_ though this is somewhat obscured by the occurrence of a few exceptionally 


high figures. It is more clearly shown in charts of the other dyes, and 
depends on the disappearance of the dye from the blood. The charts of 
the other dyes are not included, as they are similar in their general form 
though somewhat searer, It is, however, of interest to compare the levels 
of these charts, 

The great variability of the amount of dye in the kidney makes mean 
figures of only relative value, but certain averages are sufficiently definite 
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Seconds after start of injection of dye 


Fig. 5. Amounts of No. 90 deposited in single kidneys. 
@ Experiments with renal vein operations. © Controls without operation. 


to merit notice. Excluding ear-bleeding experiments the mean amounts 


of dye per kidney between 50 and 70 sec. from the beginning of the 
injection are shown below, the maximum figures being about double 
these amounts. 


Methylene blue 19 kidneys 
Phenol red fis  420y 


These figures are explicable by reference to the extraction ratio and 
blood curve for each dye. The first three dyes have extraction ratios 
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which are roughly similar, but methylene blue disappears very rapidly 
from the blood stream, whereas phenol red remains in comparatively 
high concentration there. Safranin and No. 90 have very high extrac- 
tion ratios, but their blood curves fall fairly quickly like proflavine. 
The relative levels of the mean dye per kidney are thus what would be 
expected from the correlation of the extraction ratios and blood curves 
of all the dyes, It appears reasonable to infer from this agreement that 
the possible experimental errors are of no great importance. 

The effect of dilating the ear vessels and bleeding from them is to 
lower the amount of dye deposited in the kidney. This is shown from 
the mean amounts of methylene blue found in kidneys at 70-90 sec. 
from the beginning of the injection in the ear-bleeding experiments 
which were performed in the investigation of the blood curves. 


Mean dye 
per kidney 
Ear bleeding without urethane _ 12 kidneys 100y 
Ear bleeding with urethane — es 220y 
Other experiments and controlsat50-70seo. 19 _,, 350y 


This diminution of the dye taken up by the kidney appears to be 
due to a reflex reduction of the renal blood flow. Thus, in two experi- 
ments where a renal vaso-constriction was produced by an intravenous 
injection of adrenaline immediately before the dye, the mean amount of 
methylene blue per kidney at 50-60 sec. was 60y. 

The effect of urethane on the dye content of the kidneys may be 
indicated by a comparison of the mean amounts of No. 90 found in the 
kidneys between 30 and 50 sec. from the beginning of the injection in 
experiments with and without this anesthetic. The figures are grouped 
from control and renal vein experiments, but are representative of what 


is seen in any type of experiment. 


y of No. 90 per kidney 
Minimum Mean Maximum 
Urethane 31 kidneys 220 490 860. 
Nourethane 18 _,, 0 440 1100 


In both groups there is a wide variation in the amount of dye in the 
kidneys at any given time, but this variation is greater in the unanesthe- 
tized animals than in the others. The maximum amount of dye per 
kidney is the same in both groups, but the minimum is much lower in 
experiments without urethane and the mean is thus also somewhat 
lower. It appears that urethane does not in itself increase the amount 
of dye taken up by the kidneys, but that it can prevent, in some degree 
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at least, the chief cause of reduction of this amount by inhibiting reflex 
renal vaso-constriction. As examples may be cited the high renal circu- 
lation rates of short sample experiments under urethane with No. 90 
as compared with those not under urethane, and the larger amounts of 
dye i in the kidneys of the ear-bleeding experiments under urethane _ 
in similar experiments without anesthesia. 


The extraction ratios for the whole body. 


It is of some interest to compare the extraction ratios of the kidney 
with those of the body as a whole. This latter ratio can be deduced from 
the blood curves. Thus, if it be assumed that the circulation time for 
the whole blood volume be 20 sec. (an estimate which is probably not 
too long), the following figures are obtained for the dyes, all of which — 
are with urethane, excepting No. 90. The renal extraction ratios are 
calculated from the results of the long sample experiments to renal 
circulation rates of about 1-5 c.c. per g. per min. 


Mean dye content of heart bees rl Renal 
blood 


in Y Per 0.0. extraction extraction 

ratio ratio 

40 sec. 60 sec. p-c. 
Phenol red 53 45 15 60 
No. 90 43 27 37 96 
Proflavine 40 25 37 60 
Safranin 30 18 40 97 
Methylene blue 14 4:5 68 70 


‘These general extraction ratios are of course only approximate, par- 
ticularly in the case of methylene blue; they are also slightly higher 
than the extraction ratios for the remainder of the body excluding the 
kidneys. But they are of value as indicating that, with the first four 
dyes, the kidney is able to take up a very much higher percentage from 
the blood than the other tissues in general. There appears to be no 
specific relationship between the general and renal extraction ratios. 


The site of deposition in the kidney. 

The general distribution of the dyes, at 1 min. after a standard intra- 
venous injection of 10 mg., can be examined with the naked eye in a 
longitudinal slice of the kidney. They all stain the cortex diffusely; 
No. 90 also stains the intermediate zone, i.e. the zone of broad ascending 
limbs of Henle. Phenol red shows “‘indicator” colour changes in the 
kidney; the cortex is stained yellow, while the intermediate zone and 
medulla are somewhat red. On “developing” such a slice by immersion 
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in an alkali, the medulla becomes at once rather redder and some seconds 
later the cortex changes to a very strong red. The indication is that any 
phenol red in the medulla is probably in solution in the blood plasma 
or in the lumina of tubules, or in the flat cells of the loops of Henle, 
whereas in the cortex it is in the large and more acid cells of the first 
convoluted tubules. 

Microscopic examination of fixed kidney presents the usual diffi- 
culties with regard to the mordanting of dye in certain situations. One 
experiment may be quoted as an example. No. 90 was injected into an 
animal, and the kidney removed and sliced up. The slices were put 
immediately into a number of different fixatives which precipitate the 
dye im vitro. Microscopic sections showed the dye in different situations 
according to which fixative was used; in one case in the mitochondrial 
zone of first convoluted tubules, in another in their brush borders, in 
another in nuclei, in another as granules in the lunina of tubules, and 
in another as needles in the lumina of capillaries. 

To avoid such artefacts, the stained kidneys were examined by un- 
fixed frozen sections, cut from the fresh kidney as rapidly as possible 
after removal from the body. In thick sections. the dyes can be seen 
diffusely staining the convoluted tubules. In thin sections the definition 
is usually nots very satisfactory; the colour is weak as the amount of 
dye is so small. Safranin is, however, sufficiently brilliant to be seen 
clearly in thin sections. This dye shows that the whole first convoluted 
tubule of one nephron may be heavily stained, while the next nephron 
is absolutely uncoloured. The appearances are in clear accordance with 
the well-recognized intermittent opening of glomeruli [Hayman and 
Starr, 1925], and are presumably due to the resultant differences of 
blood supply to the individual convoluted tubules. The diffuse staining 
of the cortex seen by the naked eye probably depends on a multitude 
of small patches of stained tubules. - 

Careful examination of fresh frozen sections of kidneys which contain 
each dye shows no masses of precipitated dye anywhere in the capillaries 
or glomerular tufts; any such masses, if they were present, should be 
very easily recognizable as the dye would be in high concentration. The 
only dye which does not appear to be completely confined to convoluted 
tubules is proflavine; this gives some yellow staining of certain of the 
glomerular tufts in addition to staining the convoluted tubules. The 
appearances suggest that this dye may be taken up to some extent by 
vascular endothelium, a deduction which is supported by the fact that 
proflavine, alone among the dyes studied, stains the lungs. 
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THE SIGNIFICANCE OF THE RENAL EXTRACTION RATIOS. 

The renal extraction ratio found in any of the experiments here 
described is a mean figure over a certain period, short or long. Owing 
to technical difficulties no definite information has been obtained as to 
the relationship between the extraction ratio and the time after the 
injection. But from the results of a few experiments it appears possible 
that the extraction ratio may diminish as the time after injection 
lengthens; or as, part passu, the amount of dye in the kidney increases. 
This applies of course only to the extraction ratios obtained during the 
first minute after the injection, as no data have been found as to the 
ratios after this time. 

_ The long and short sample experiments, however, provide clear in- 
formation about the maximum extraction ratio which can occur in the 
kidney. With a renal circulation rate below 1 c.c. per g. per min. the 
extraction ratios of No. 90 and safranin are for all practical purposes 
100 p.c. It is therefore evident that during its passage through the 
kidney all the dye in the plasma must have come into intimate contact 
with the absorbing surface of the parenchyma cells. On the Cushny 
theory this surface is the luminal one, and the fluid of the plasma with 
its dye must therefore have been completely filtered off in the glomeruli, 
leaving the corpuscles and plasma colloids to make their way through 
the efferent arteriole without any fluid medium. This would require a 


drastic revision of modern views with regard to blood-pressure in the : 


glomerular capillaries, as the pressure in the glomerular capillaries must 
be fifteen times higher, if the efferent arteriole carries corpuscles only, 
than if it carries ordinary blood, assuming that the pressure in the inter- 
tubular capillaries remains unchanged. Descriptions of the microscopic 
appearances of the glomeruli of the living frog’s kidney do not suggest 
that the blood is plasma-free in the efferent arteriole. Bensley and 
Steen [1928] on ligaturing the renal arteries in the frog observed the 
glomerular capillaries to become plugged by a solid mass of corpuscles, 
but this was of course dependent on complete stasis. It may be con- 
cluded that filtration of all the plasma in the glomeruli is incompatible 
with active circulation through the kidneys, and that it cannot be con- 
sidered as a reasonable possibility in the present experiments. 

On the Heidenhain theory, on the other hand, the tubule cells 
present an absorbing surface to the intertubular capillaries. There is no 
inherent impossibility in the whole of the plasma reaching these cells at 
some time or other during the passage of blood down the relatively long 
capillaries, and the dye may thus be completely extracted from such 
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plasma. The blood going to the medulla is exposed to a similar possi- 
bility of complete dye extraction as the blood going to the cortex, since 
the broad ascending limbs of Henle are capable of taking up the dye. 
The entire blood supply of the kidney is thus open to direct and active 
tubular absorption. This provides the only satisfactory explanation of 
the phenomenon of an extraction ratio of 100 p.c. This statement must 
not be taken as a denial of the occurrence of any filtration or rea 

tion of dye. The experiments prove only that the filtration theory is 
inadequate to explain all the deposition of dye in the kidney, and that 
therefore some direct absorption of dye from the blood into the tubule 


cells must be accepted. Allowing, for the sake of argument, that a certain 


amount of dye is filtered and reabsorbed, the relative importance of the 
two mechanisms is somewhat speculative. Cushny’s theory, with its 
primary assumption that secretion does not occur, requires the maximum 
amount of filtration of any theory; he accepts the figures of Mayrs 
and Watt [1922] of a filtration of as much as 40 p.c. of the fluid of the 
plasma in the glomeruli. If any secretion does occur such a large filtra- 
tion is clearly unnecessary. But, even if 40 p.c. of the dye reaches the 
tubule cells by filtration, then 60 p.c. must be taken up by direct ab- 
sorption. It appears probable that direct absorption is at any rate the 
chief factor at work, and as the tubule cells possess this function to so 
great an extent there is no obvious justification for minimizing its 
importance by assuming on very doubtful grounds that there is filtration 
of a very high percentage of the plasma in the glomeruli.. 

Explanation of the lower extraction ratio of phenol red, proflavine 
and methylene blue is also required. The work of Marshall and Vickers 
[1923] is very strong evidence in favour of direct tubular absorption of 
phenol red, despite the rather forced objections of Cushny. In the 
present experiments, however, there is not the absolute proof of direct 
tubular absorption of phenol red, proflavine or methylene blue that there 
is in the case of the other two dyes. An extraction ratio of 60 p.c. is 


‘not theoretically absolutely impossible on the filtration theory. Seventy 


- p.c. of the volume of the blood in the efferent artery of the glomeruli 


would then consist of erythrocytes; figures as high as this have been 
recorded from hemotocrit estimations of ordinary venous blood in 
polycythemia rubra. But there is no evidence that these three dyes 
are taken up by the kidney in any different way to No. 90 or safranin. 
The tubule cells can certainly take up No. 90 and safranin directly from 
the blood in the capillaries, and, as they have such a highly developed 
function with regard to these two dyes, good grounds are required to 
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accept that such a function plays no part in the taking up of the other 
three dyes. As the plasma carrying No. 90 or safranin can reach the 
parenchyma cells sufficiently for complete removal of the dye it appears 
likely that the plasma can reach these cells equally intimately when it 
is carrying any other dye. As the three dyes show extraction ratios of 
less than 100 p.c. the deduction follows that, all other factors being 
equal, there is a specific extraction ratio for each dye by the individual 
cells. The theory infers a different absorbing capacity of the tubule cells 
for different substances in the blood stream, possibly dependent on 
“binding” by plasma proteins [de Haan, 1922; Marshall and Vickers, 
1923]. This capacity may and probably does vary in different parts of 
the tubule. It may be altered by many factors, e.g. the amount of the 
substance already in solution in the cytoplasm of the cells, the concen- 
tration of the substance in the blood stream in relation to its renal 
threshold, the supply of certain hormones, and in the case of certain 
substances, the acid base equilibrium of the blood. This theory ascribes 
highly developed and delicately balanced functions to the tubule cells. 
The alternative, the mechanical theory, certainly provides a simpler 
and less specialized task for the cells, but it does not explain the facts 
of renal function. 

This active absorption of dye by the tubular epithelium cannot be 
explained as a toxic phenomenon. No. 90 is certainly nephrotoxic in 
large doses, but no histological or functional evidence of any tubular 
damage can be found with the dosage used; the duration of the experi- 
ments is also infinitesimal compared with the time required to produce 
any recognizable tubular lesions with the big doses. The results with the 


_ non-toxic dyes provide confitmation that the absorption of ” o. 90 is a 


purely physiological phenomenon. 

The effect of the urethane is also to be considered in this connection. 
The levels of the extraction ratios of the No. 90 short sample experiments 
without urethane cannot be considered as any indication that urethane | 
raises the extraction ratio. The evidence of most significance is that, in 
a large number of control injections of the dyes without anesthetic or 
operation, the maximum dye contents of the kidneys were higher than 
those of any urethanized animals, operated or not. As mentioned pre- 
viously urethane inhibits reflex vaso-constriction, and thus the kidneys 
never have the low dye content sometimes seen without urethane. But 
in the experiments where the renal blood flow was not small no evidence 
can be found that urethane can increase the renal absorption of the 
dyes at all. 
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SUMMARY. 


Following the intravenous injection of certain dyes into rabbits, in- 
vestigations were conducted as to the proportion of dye which is taken 
‘up by the kidney from the dye in the blood passing through it. This 
proportion, which is referred to as the renal extraction ratio, was ascer- 
tained in two ways: 

(1) By comparison of the percentages of dye in the blood in the renal 
artery and in a sample of this blood when it reaches the renal vein. 

(2) By comparison of the total amounts of dye which reach the 
kidney by the artery and leave it by the vein in a given time. 

The renal extraction ratio is different for each dye and shows an 
inverse relationship to the renal circulation rate. In the case of two of 
the dyes studied, No. 90 and safranin, the renal extraction ratio at low 
renal circulation rates is practically 100 p.c. So complete a removal of 
dye from the blood passing through the kidney is in direct opposition 
to the explanation offered by the Cushny theory for the accumulation 
of dyes in the kidney, as it would necessitate’a filtration of all the plasma 
from the blood passing through the glomeruli. It follows that the cells 
of the convoluted tubule absorb the dyes directly from the blood in the 
intertubular capillaries. 

Within 40 sec. after the beginning of an intravenous injection of dye 
lasting 10 sec., up to 20 p.c. of the quantity of dye injected may be 
deposited in the kidneys. 


_ I am much indebted to Professor Shaw Dunn for his continued 
interest and helpful criticism. I have to thank a number of other 
persons, in particular the entire technical staff of the department, for 
their efficient team work in the carrying through of the operative 
technique. 
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THE OXYGEN CONSUMPTION OF THE TORTOISE 
HEART: ITS DEPENDENCE UPON DIASTOLIC 
VOLUME AND ON THE MECHANICAL 
CONDITIONS OF SYSTOLE. 


By G. STELLA (George Henry Lewes Student). 


(From the Physiological Laboratory, Cambridge.) 


THE present investigation is an attempt to verify whether heart muscle 
behaves in respect to the liberation of energy in a way similar to skeletal 
muscle. 

_ The amount of energy set free in a single twitch or a short tetanus 
is dependent on the initial circumstances of the muscle, as well as 
on those it encounters after the stimulus is over [Fenn, 1923]. The 
mechanical conditions of the muscle, in fact, throughout the duration of 
contraction, play a very important réle; and it has been found that the 
performance of work is associated with the mobilization of extra energy, 
in an amount which, under certain circumstances, is nearly equal to the 
work done, Also the length of the muscle fibres, which had long been 
recognized to have at the moment of stimulation a great influence on 
the liberation of energy, has been found to play a part at later stages, 
or, more generally, throughout the whole period of the mechanical 
response of the muscle [Fenn, 1923; Hartree and Hill, 1928; Hill, 
1930; Fischer, 1930]. | | 

While these facts are definitely established in the case of skeletal 
muscle the same cannot be said in the case of the heart. In the literature, 
in fact, there is no agreement on this point: recent work tends rather 
to show that the process of contraction in heart muscle is profoundly 
different, that in the heart (contrary to skeletal muscle) the amount of 
energy liberated in a systole is not affected in any way by the conditions 
under which the latter occurs, neither by the work performed nor 
by the fibre length throughout; but that it depends exclusively on 
the initial mechanical and physiological circumstances existing at the 
moment when stimulation occurs. 

- Rhode [1912] studied the oxygen consumption of the left ventricle 
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of the isolated mamalian heart, perfused with Ringer’s solution under a 
variety of conditions. Comparing the isometric with the isotonic systole, 
he noticed that the latter used up less oxygen than the former, the 
difference being, however, very small, of the order of 5 p.c.; and he did 
not pursue the problem further. 

Liischer [1920] was the first to do the same research on the frog’s 
ventricle with a strict control of the diastolic volume: he found that, 
all other conditions remaining constant, the amount of oxygen consumed 
in a systole was not fixed once for all by the diastolic volume, but varied 
according to the mechanical conditions of the systole itself. From his 
figures it may be reckoned that at the same initial volume an increase 
of the arterial resistance from say 10 to 40mm. Hg would raise the 
oxygen consumption by as much as 20 p.c. about. 

The results of Rhode and of Liischer, however, were not confirmed 
by subsequent investigators; Starling and Visscher [1927], using the 
technique of the heart-lung preparation, investigated the oxygen con- 
sumption of the dog’s heart at various diastolic volumes, various arterial 
resistances and different outputs; they found that when all other con- 
ditions of temperature, heart rate, etc., remained unchanged, the amount 
of oxygen consumed was determined only by the diastolic volume, while 
the arterial resistance and the output had no detectible effect upon it. 

These results have been confirmed by Hemingway and Fee [1927] 
on the dog’s heart. 

Clark and White [1928 a], from a research on the frog’s heart, have 
arrived at the-same conclusions. 

The essential difference in the stecietion of the energy liberation in 
the two kinds of muscles, if definitely confirmed, would be of great 
theoretical importance for an understanding of the process of contrac- 
tion. The facts described in the present paper, however, do not support 
the idea that such a difference exists. On the contrary they are in fairly | 
good agreement with what has been found in skeletal muscle. The 
probable reason why some investigators failed to recognize this will be 
discussed below. 

_ ‘This research has been carried out on the isolated ventricle of the 
tortoise heart, whose oxygen consumption was taken as a measure of 
the energy mobilized; it deals with the energy associated with the per- 
formance of work. In a second series of experiments an attempt has 
been made to calculate the influence of the initial fibre length per se, 
t.e. independently of the work the muscle performs at any initial length. 
In order to follow the oxygen consumption: in detail over long periods 
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of time, and also to check or modify the mechanical conditions of the 
systole without greatly interfering with the oe of the organ, a 


new was to be described below. 


METHOD, 


For the study of oxygen consumption the method employed was that 
of estimating directly the amount of that gas taken up by the heart from 
a closed atmosphere of the same. The heart was surrounded by oxygen 
and perfused with Ringer in diffusion equilibrium with the atmosphere 
around the heart; the diffusion of oxygen into the organ, therefore, took 
place both directly through its external surface and spmneied through 
the perfusing fluid and the internal surface. 

‘ The CO, formed in the heart and escaping into the air was promptly 
absorbed by 20 p.c. KOH, and the volume of oxygen used was read in 
terms of diminution of pressure on a water manometer, 

In the methods used by Weizsacker [1911], Liischer [1920], 
Clark and White [1928 a], the frog’s heart, perfused with oxygenated 
blood or Ringer blood, was immersed in paraffin oil to prevent diffusion 
of oxygen from the external surface. In this way the outer layers of 
the ventricular wall are under rather unfavourable conditions, so far as 
both the supply of oxygen and the removal of CO, are concerned; and 
the case would be still worse for the tortoise’s heart whose ventricular 
wall is much thicker. This would be so especially when, as was the case — 
in my experiments, the heart is not perfused through the coronaries, 
but directly through its internal surface. 

The same technical error is also present in the methods of Boden- 
heimer [1916] and in the second method of Clark and White [1928 a] 
in which the heart is surrounded by oxygen-free saline or Ringer; here 
too the outer layers of the ventricle are in unfavourable conditions as 
regards their oxygen supply, with the additional disadvantage that if 
the consumption of oxygen be small and consequently its tension on 
the outér surface above zero, oxygen diffusion will take place into the 
surrounding liquid, thus introducing a corresponding error in the pala: 
lation of the amount of that gas consumed. | 

In all the above-mentioned methods there is still another source of 
error, derived from the fact that whether the heart be perfused with 
Ringer’s solution or with blood, there is always a filtration of colourless 
liquid from the heart independent of any mechanical damage of the 
heart walls, The amount of liquid transuding in this way is not at all 
negligible; it varies from heart to heart, and in the same heart it depends 
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on different conditions, such as the venous and the arterial pressure, the 
time which has elapsed from the beginning of the experiment, etc. In 
the case of a tortoise heart of 4¢.c. diastolic volume perfused with 
Ringer plus 10 p.c. blood it can amount to as much as 0-4 to 0-6 o.c. 
per hour, sometimes even more. Now the tension of oxygen in the 
escaped liquid is not the same as in the fluid remaining inside the heart; 
it is obviously less. It follows that when the consumption of oxygen is 
calculated from its tension in a known amount of liquid before and after 
perfusion of the heart, as is done in the methods of Weizsiacker, of 
Lischer, and of Clark and White, the oxygen consumption itself will 
be reckoned smaller than it actually is, owing to the fact that the liquid 
at the end of the perfusion period is, so to speak, more concentrated 
than at the beginning; and the error will be the larger the smaller the 
volume of liquid employed for the perfusion. In the method used in 
the present investigation such a source of error has been avoided; more- 
over, by keeping the outer surface of the heart in contact with oxygen, 
a sufficient supply of this gas has been insured, as is shown by the fact 
that the heart could maintain at a constant level its mechanical per- 
formance and its oxygen consumption, throughout periods en 
sometimes over several hours. 

The apparatus used is shown in Fig. 1. 

It consists essentially of two chambers A and B, the venous reservoir 
_ and the heart chamber respectively, in free air communication with each 
other through the connecting tube a. c is the venous and d the arterial 
tube. The two valves K and J allow the movements of the perfusing 
fluid in one direction only. | 

During diastole the liquid from A runs along the tube c into the 
heart: which then increases in volume and forces an equal volume of air 
from. chamber B into chamber A through the connecting tube a; during 
systole the air is drawn back into chamber B. In this way not only the 
pressure in the two chambers is maintained at the same level throughout, 
but also the air in the whole system is kept well stirred, thus quickening 
both oxygen equilibration and the absorption of CO,. The stirring is 
further insured by the fact that the tube a is of a small bore (3 mm.), 
and thus the air enters the two chambers alternately at a considerable 


For the absorption of CO, filter paper soaked in 20 p.c. KOH is 
placed on the walls of chamber, B and of the upper part of chamber 4; 
moreover the small bulb inserted along tube a is ated with soda lime 
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The venous reservoir can be raised or lowered according to the venous 
pressure wanted. The arterial resistance is increased by compressing the 
rubber portion of the arterial tube with a screw clamp. The contractions 
thus obtained are therefore of the so-called auxotonic ure 


J 
Stimulating 


for the oxygen he trite vei 
A, venous reservoir, B, heart chamber, ¢ and d respectively the venous and the 
arterial tube, with the two valves K and J. A and B are in free air communication 
- through a. The lateral tube o on the arterial side, leads to a membrane manometer 
for recording the intraventricular pressure. Tube 7 connects the apparatus to a 
Barcroft differential manometer or to a piston recorder; the latter is the case when 
changes in volume of the heart are to be recorded; for this purpose a is temporarily 
clamped, and M opened to a large oxygen reservoir at barometric pressure and at 
the same temperature of the apparatus. The heart; is tied round the short cannula R 
and fixed to the apparatus in f by means of a short piece of thick rubber tube. The 
perfusing fluid, on entering A from d spreads over the three small discs V before 
‘falling to the bottom of the vessel. The heart in all the experiments was driven at 
constant rate by means of single induction shocks. 


The side tube o near the heart leads to a sensitive membrane mano- 
meter for recording the intraventricular pressure. When a record of the 
volume changes of the heart is wanted, tube a is clamped; chamber 4 
is open to the air or to a large reservoir of oxygen at barometric pressure 
17—2 
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through tube-M, and the heart chamber B thus transformed: into an 
oncometer is put in communication with a piston recorder. The simul- 
taneous records of volume and pressure changes during systole give an 
indication of the work done per beat. If now the venous inflow be 
temporarily stopped by clamping tube c so that fluid cannot reach the 
heart and the arterial resistance drops to zero, the organ at each suc- 
cessive beat expels some of its content and the cavity diminishes until 
the volume is zero giving a base line in the volume curve, The apparatus 
is of glass, except in some parts of the three tubes a, core wen are 
made of thick-walled rubber tube. 

All the tubes have a large bore (4 mm.), including the small glass 
cannula that is introduced into the ventricle. 

The whole apparatus has a capacity of 170 .c., and for the deter- 
mination of the oxygen consumption it is connected to a branch of a 
Barcroft differential manometer, the other branch of which is connected 
with a compensating bottle of the same capacity as the apparatus which 
contains a volume of sterile water 7 to that of the heart plus the 
perfusing fluid. 

Before use everything was carefully sterilized. Tortoises of 5 to 5} in. 
in length were used, male and female indiscriminately. After pithing, 
they were bled from the carotid arteries, giving on the average 10 to 
15 ¢.c. of blood, This was defibrinated and added to the Ringer’s solution 
in the proportion of 10 p.c, (this dilution is sufficient to avoid the super- 
vening of the hypodynamic condition [Clark and White, 1928 d)). 


A cannula was introduced into the ventricle through the auricles after — 


the a.v. valves had been cut and a ligature tied around the .v. groove. 
The small cannula is shown in Fig. 1, R; a short piece of rubber tube is 
attached to it, so that when.the heart has been thoroughly washed inside 
and out, it can easily be fixed on to the apparatus at /. | 

Usually 30 0.c. of liquid of the following composition was employed 
for the perfusion; it was poured into the venous reservoir ae: q00n, as the 


NaCl eee | ‘eee. eee 0-65 Pp: Cc. 


CaCl, 


at constant temperature together with the compensating bottle. Oxygen 
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was passed through for some minutes in order to replace the air with 
that gas and then the apparatus was connected with the mano- 
meter... 

_ Every one or two hours the’ oxygen consumed was replaced trom a 
reservoir in the same water bath. 

As in with ‘tha heart 
chamber, and through tube @ indirectly with the venous reservoir. 
Owing to the movements of the perfusing fluid from one chamber to 
the other during diastole and systole, there was. always a small oscilla- 
tion in the water manometer, but this was so small as not to represent 
any serious hindrance in the taking of the readings (0:2 to 0-3 mm.); 
there was, therefore, no need to cut off the manometer from the appa- 
ratus every time, although this could. easily: be done whenever the 
greatest accuracy was wanted. 

“The periods over which measurements were taken usually lasted from 
40 to 60 minutes. During these periods manometer readings were taken 
every 5 minutes, and all conditions of temperature, heart rate, diastolic 
volume, arterial resistance and output remained constant; at the beginning 
and the end of each period pressure and volume records were taken. After 


_& change in the arterial resistance ‘or in the diastolic volume it generally 


took 5 to 10 minutes before steady readings were obtained. 

The venous reservoir A has three small discs over which the liquid 
coming from the heart spreads before falling down to the bottom of the 
vessel, thus quickening equilibration with oxygen and liberation of CO,; 
to further insure these two processes, the venous reservoir itself was 


kept shaken the whole time by means of a small motor. 


If all the manipulations be carried out under rigid aseptic: pre- 
cautions and the perfusion fluid renewed every morning, it was possible 
to extend each experiment over several days. In such cases the heart 
(in the apparatus) was left overnight in a cold store at 2° to 3°C. In 
some experiments, in fact, a well-marked effect of work upon the oxygen 
consumption was still present on the fourth day experiment on the 
same heart. _ 

Tortoise blood was generally used, except in a fw instanoos in which 
ox blood was employed instead, without. = noticeable difference in 
the results, . 

To study the influence of a apon the energy liberated by muscle 
two methods have been followed by previous workers: (a) the com- 
parisén between the isometric contraction and the contraction in which 
the muscle is allowed to shorten and perform work, and (b) the com- 
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parison between contractions in which different amounts of work are 
done [Fenn, 1923; Hartree and Hill, 1928; Hill, 1930]. 

The first of these two methods assumes that the length of the single 
fibres in the isometric contraction remains absolutely constant through- 
out, and that consequently no work is performed. This, however, has 
been shown to be valid only in exceptional cases, such as that of the 
thin, parallel-fibred frog’s sartorius when stretched to a certain extent; 
commonly, however, internal work is done by the muscle when con- 
tracting ‘‘isometrically.” 

In the present research the “isometric” systole has been studied 
only very little, since here the difficulty of getting a true isometric con- 
dition would have been great; the energy which accompanies the per- 
formance of work has been investigated by making the heart perform 
different quantities of work at the same diastolic volume. From the ~ 
curve of the oxygen consumed plotted against the work it is then possible 
to study the relation between the two. : 

From the same curve, by extrapolation, the oxygen consumption of 
the heart contracting isotonically against zera resistance, and performing 
no work, can also be predicted. This last condition could best be com- 
pared with an ideal isometric systole; but it is not to be expected that 
the energy set free in the two cases will be the same owing to the different 
length of the muscle fibre which remains constant in one case while it 
spesuiaaits considerable change in the other. 


THE EFFECT UPON THE OXYGEN CONSUMPTION OF VARYING THE 
WORK AT CONSTANT DIASTOLIO VOLUME. 

- In this series of experiments the work per beat was varied by varying 
the arterial resistance. In each experiment the diastolic volume was kept 
constant by adjusting the venous pressure to such a level that a period 
of diastasis should always precede the onset of systole; under these 
conditions the diastolic intraventricular pressure at the end of diastole 
remained the same, as long as the height of the venous column was not 
altered. This was about 10cm. above the level of the heart, so the 
diastolic volumes investigated here were all submaximal. | 

_ In all the experiments several arterial resistances were used, ranging 
from a minimum of 12 to 15 cm. to a maximum of 45 to 60 cm. of water; 
beyond these last limits in most of the hearts the output was very small, 
resulting in the stagnation in the ventricular cavity of a large volume 


of liquid at diminished tension of 5 — increased tension of 
carbon dioxide. 
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To avoid the establishment of such conditions, that as we know from 
the work of Gray [1924] and of Clark and White [1928 ) would have 
affected both the mechanical performance and the oxygen consumption 
of the organ, in every experiment the maximum arterial resistance in- 
vestigated was such as would not interfere too seriously with the output 
per beat. 

Wis of increased arterial resistance lasted from 40 to 60 
minutes, and were alternated with periods of low resistance, the con- 
sumption of oxygen during the latter being then taken as a base with 
which to compare the oxygen used at the higher resistances. In this 
way the effects of fatigue were eliminated. 

The temperature, which was constant for each experiment, varied 
from 12° to 18°C. Out of twenty-nine experiments, six gave negative 
results: the oxygen consumption was very little, if at all, influenced by 
the arterial resistance, and the only determining factor seemed to be 
the diastolic volume which had a very pronounced effect. The six hearts 
- that behaved so exceptionally had been taken from very weak tortoises 
coming from an ill stock, as was realized afterwards. This is a very 
interesting fact, because all those hearts that gave a positive result on 
the first day of survival still showed the same behaviour of the oxygen 
consumption in respect to work several days after the removal from | 
the animal, It would seem therefore that the conditions under which 
the hearts worked in the apparatus were very satisfactory in main- 
taining their normal physiological activities. 

In all the other experiments, on the other hand, an increased con- | 
sumption of oxygen was constantly observed on increasing the arterial — 
resistance and therefore the work; and in most cases between increase — 
of oxygen consumption and increase of work there was a very clear, 
constant relationship as is shown in Table I (a) and (b), where the results 
are given of two typical experiments taken from among a series of — 
eighteen all similar experiments, differing from one another only in the 
value of the ratio (increase of oxygen)/(increase of work). Exp. (a) 
was performed on the day in which the heart had been taken from the 
animal; Exp. (b) was performed after 30 hours of survival of the organ. 
The work per beat was calculated from the simultaneous records of the 
volume and pressure changes during systole. Since the contractions were 
of the auxotonic type, i.¢. the pressure was not constant throughout, 
both pressure and volume curves were first divided into smaller parts, 
each fraction of diminution of volume multiplied by the corresponding 
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Tastx I, Data of two typical experiments to show increase of energy set free with increase 
of work at constant diastolic volume (from these data Fig. 2 and Fig. 3 were con- 
(a) Exp. 6, on the first day of survival of the excised heart. Heart weight 1-40 g.; 

heart rate 14 per minute; temp. 17-5° C.; diastolic volume of ventricular cavity 3-25 0.0. 


0, 
arterial Output Work: g.cm. consumed Energy Efficiency 
resistance: per beat: perhour: . g.cm. W/E 
H,O oc. Perbeat Per hour 0.6, per hour p.o. 
£10 46 38,500 1-30 280,000 13-7 
25 2-95 74 - 62,000 1-56 328,000 18-9 - 
30 2-80 84 70,000 348,000 20-0 
45 1-95 88 74,000 1-66 357,000. . 20-7 


day before). Heart weight 0-60 g.; heart rate 9 per minute; temp. 13° C.; diastolic volume — 


of ventricular cavity 1-30 c.0. . 


15 1-20 18 9,750 0-445 95,500 10-3 
30 1:15 86 18,900 0-560 120,000 
40 1-05 43 23,150 0-610 131000. 17-7 
50 0-93 46 24,700 0-650 140,000 17-6 
60 0-73 44 - 23,700 0-650 140,000 16-9 


| 
| 
_los0% 
~ 40 60 8 
Work: g-cm. x 10° 


ie Mean arterial resistance: om. H,O 

2 [from the data of Table I (a)]. Variation of work and total with increasing 
energy in 

_ resistance. The energy increases more than the work. Inset: total energy per hour 

: - plotted against work per hour to show the linear relationship between the two. The 

_ _ Tatio {increase of energy)/(increase of work) was in this experiment 2-0. 
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value seen in the table under the heading “mean arterial resistance” is 
the quotient (work)/(output) and was given as 4 rough indication of the 
average arterial pressure during the period of systolic ejection. — 

_. The work is given in g.cm.; column 6 gives the total energy set free 
in an hour, calculated from the amount of oxygen used, on the assump- 
tion that 1 0.c. of oxygen corresponds to 216,400 g.cm., as would be 
the case if all the energy set free by a muscle were derived from — 
The a = is the “oxidative ve ” of the heart. | 


20 40 60 
For description see Fig. 2. The ratio (increase of 
énergy)/(increase of work) was here 2-65, The heart on which this experiment was 
performed had been working in the apparatus for 30 hours. The day before it had 
_ given results similar to those shown, and overnight it had been kept in a cold store 
at 2° C. with a small venous pressure and low arterial resistance in order to reduce 


7 for the time its energy expenditure. 


Table I shows that as the work i increases, both the oxygen used and 
the efficiency increase: In Exp. (a), for example, an increase of, work 
per hour from 38,500 to 74,000 g.cm. caused an increase of the oxygen 
used from 1-30 to 1-66 o.c., and the up 13:7 to 
20-7 

The relation between arterial ae work, ond energy liberation 
is best seen in Figs. 2 and 3, constructed from the data of Table I (a) 
and (6) respectively. The figures show that with increasing: arterial 
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‘resistance the work increases ‘at first rapidly, then less rapidly, and be- 
comes nearly constant at resistances of 40-60 cm. of water; beyond this 
it would fall again:as is the case with skeletal muscle (and as was con- 
firmed for the tortoise heart by E. Peserico [1928]). The curve of 
energy, calculated in the way described, follows a very similar course, 
only it rises more steeply than the curve of work; it reaches a maximum 
at about the same arterial resistance as the former, and after that it 
runs horizontal for the rest of the resistances investigated. It is not 
possible here to state with any certainty how the curve would run at 
still higher resistances, i.e. whether it would remain at the same high 
level while the work diminishes, or if it would drop down as the work 
does; a few experiments, however, in which the heart was made to beat 
isometrically at every second systole, by clamping the venous and the 
arterial tubes, seem to indicate in confirmation of the findings of Rhode 
[1912], that the energy does drop to some extent, but not to a level as 
low as that corresponding to the smaller resistances investigated. The 
difficulty, however, of obtaining true isometric contraction from the 
heart takes away much of the importance of this observation. 

In the inset of the two figures the total energy has been plotted 
against the work. The relation between the two is very nearly linear 
_ over the whole range of work that the heart can perform, when made 
to contract against increasing resistances, from the same initial volume. 
From what has been said above, it is very likely that at resistances 


higher than the optimum, the work would decrease relatively much 


more rapidly than the energy and that the relation between the two 
would be quite different from that represented in the figures; this, how- 
ever, does not diminish the importance of the results actually obtained, 
which clearly show that under the experimental conditions described 
when the heart performs work, an extra amount of energy is set free 
proportional to the work itself. 

The ratio (increase of energy)/(increase of work) was 2 in the experi- 
ment of Fig. 2 and 2-65 in that of Fig. 3, the average value for all the 
_ experiments on the subject being 2-90. Thus the extra energy is about 
three -times as large as the work, but we know [A. V. Hill, 1922] that 
in a contraction the energy available for conversion into mechanical 


potential energy and work is derived only from two-fifths of the total 


energy in oxygen (i. e. from the part that represents the anaerobic 
energy), the remaining three-fifths playing a part only in the recovery 
process, Therefore in order to get more information on how the extra 
energy is utilized, it is necessary to multiply by 2/5 the value of 2-90 
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given above for the ratio (aerobic energy)/(work): one thus obtains a 
value of the ratio (increase of anaerobic energy)/(increase of work) as 
low as 1-16; the extra energy is only slightly greater than the work. — 

Similar results have been described for the frog’s sartorius*sy Fenn 
[1923] who, under favourable conditions, found a value for this ratio of 
1-30, More recently A. V. Hill [1930], also on the frog’s sartorius made 
to contract isotonically against increasing loads, often found a clear 
parallelism between the work and the anaerobic energy set free in a 
twitch. 

There is evidently a very close agreement between the results for 
the sartorius of the authors just mentioned and those described here 
for the tortoise heart; the heart muscle, therefore, in this respect does 
not seem to differ essentially from skeletal muscle. 


THE EFFECT UPON THE OXYGEN CONSUMPTION OF VARYING THE WORK _ 
AT CONSTANT ARTERIAL RESISTANCE. 

In this series of experiments the arterial resistance was kept con-— 
stant at a low level (12-15 cm. H,O) and the work varied by varying 


the diastolic volume. This was done by leaving the venous reservoir - 


_ stationary and screwing or unscrewing the venous tube leading to the 
heart. Only at the maximal diastolic volumes investigated was there — 
a period of diastasis before the systole; in the case of all the smaller 
- volumes, stimulation occurred during diastolic filling, interrupting the 
latter at different levels. | 

As in the experiments on the effect of the arterial resistance, each 
period of constant diastolic volume lasted from 40 to 60 minutes, and 
volumes and pressure records were taken at the beginning and end. 
As usual, manometer readings were taken every 5 minutes throughout. 

According to Clark and White [1928 a] the relation between di- 
astolic volume and oxygen consumption in the frog’s heart is a linear 
one. Approximately the same result was obtained here on the tortoise 
heart, provided the arterial resistance was maintained constant; the 
relation, however, is not exactly linear, in fact the line showing the 
energy calculated from the oxygen used is slightly curved with the 
concavity towards the horizontal axis, as is the case in the experiments 
represented in Figs. 4 and 5; and still more in about 50 p.c. of all the 
experiments. The two figures show that as the initial volume of the 
heart increases both the work and the energy liberated per unit of time 
increase, the latter much more rapidly than the former; the efficiency 
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also increases, as can be reckoned from the tatio (work)/(energy) at 
any diastolic volumé, but to a uch smaller extent than in the case of 
the experiments described in the last section, where the worl: was always 
performed at the same diastolic volume. Under the experimental con- 
ditions an increase of the diastolic volume was always accompanied by 
the performance of a larger amount of work, which is itself capable of 
causing a greater output of energy, as was shown above. The effect 


Ks 


140 


0 
Diastolic volume of ventricular cavity: c.c. | 
Fig. 4. Increase of work and of total energy with increasing diastolic volume. Arterial 
- Fesistance constant at 15 om, H,O, Heart weight 1-00 g.; heart rate 9 per minute; 
temperature 13°C. Experiment performed on the first day of survival of the heart. 
_ Inset: total energy plotted against work. 


therefore of an increase of initial volume on the liberation of energy is 
here to be ascribed to at least two factors (a) the greater length of the 
muscle fibres of the heart, and (b) the larger amount of work which has 
been made possible by the greater fibre length. _ aes. 

- No experiments have been made on-the influence of work upon 
oxygen consumption at constant diastolic volume except in the case of 
submaximal diastolic volumes, and it is therefore impossible to dis- 
tinguish with certainty in the experiments of Figs. 4 and 5 what is to 
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be attributed to the. 


k and what is to he explained as a direct effect 
ndently of the work they actually performed. 
| has been found in the case of skeletal muscle, 


g 


Diastolic volume of ventricular cavity: c.c. 
* Experiment similar to that of Fig. 4; heart weight 1-00 g.; heart rate 8 per minute; 

arterial resistance 12 cm. H,O; temperature 13°C, The middle curve was calculated 
’. by: subtracting from the total energy at any diastolic volume, the part due to the 
_ work according to the formula [(increase of energy)/(increase of work) =2-9); it repre- 
_. ents how the energy would have increased if only the diastolic volume had been 
_ Yesponsible for the increase; and shows the effect of the initial fibre length per se. 


which the heart contracts are not above the limits at which the work 
begins to decrease, the relationship between work and energy does not 
alter to a great extent with altering the diastolic volume. In fact 
Hartree and Hill [1928] have described experiments on the frog’s 
sartorius which show that in the case of short tetanic contractions the 


extra energy (anaerobic) is equal to work done, with various conditions — 
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of initial length and of load; and very recently A. V. Hill [1930] has 
shown that in the case of single twitches also the frog’s sartorius, under 
favourable conditions of load, liberates an extra amount of energy very | 
nearly equal to the work performed (even at those initial lengths at le 
which the energy liberated in a free isotonic contraction is smaller than a 
in the isometric). 
Assuming now, that the extra energy set free by the heart to meet 
the demands of work always bears the same relation to the latter, 
namely 2-9 (as given above) whatever the diastolic volume, it is possible 
to get a rough idea of the pure influence of heart volume by subtracting 
from the total energy liberated at increasing initial volumes the part 
due to the work done at any volume. In Fig. 5 the top and bottom 
curves pass through the points actually observed, while the middle curve 
has been calculated in the way just described and shows how the energy & 
would have increased if only the diastolic volume had been responsible oe 
for it. It thus represents, therefore, the amount of energy liberated by : 
the heart at any diastolic volume when the arterial resistance is zero 
and the work zero too, or in other words when made to contract iso- 
tonically at tension 0. The influence of the diastolic volume upon the — 
energy liberation is clearly coysiderable. The initial fibre length per se, 
however, is very likely not influencing only the amount of energy 
liberated in contraction, it is indeed more probable that the resting Fe 
metabolism also is largely affected by the heart volume, especially since | | 
we know from the work of Clark and White [1928 a], that the latter 
plays a not insignificant réle in the total metabolism of this viscus. 


CoNCLUSION. 


The view put forward by Starling and Visscher [1927] that “ sihee } 
all conditions of load, output and fatigue the total energy liberated at : 
each beat of the heart is determined by its diastolic volume and therefore 
by the fibre length at the beginning of contraction” is not confirmed by 
the results of the present research. It has been found in fact that here, 
as well as in the case of the skeletal muscle, the performance of work is | 
accompanied by the liberation of energy; and consequently that the ij 
initial conditions of the organ are only some of the factors determining | : 
the total energy set free. Under the conditions studied here the extra 
energy associated with work was fairly well proportional to the work 
itself; this implies that the fibre length after the moment of stimulation 
had a much smaller effect; ee 
the preponderant factor [Hill, 1930]. 
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_ It seems, therefore, that in the special instance of the heart also, the 
idea that work is done by a muscle at the expense of its elastic potential 
energy can not be held [Fenn, 1923; Hill, 1930]. In Figs. 2 and 3 of 
this paper it is seen that there exists a range of arterial resistances 
within which the work and the energy vary only very little; presumably 
Starling and Visscher [1927] and Clark and White [1928 a] failed 
to detect any influence of changes of the arterial resistance upon the 
oxygen consumption, because they happened to keep within this region 
which is in fact quite large. Apart from the importance of the results 
here obtained, in so far as they show that no essential difference exists 
between heart muscle and skeletal muscle in relation to the mechanism 
of the contraction, the conclusions that can be derived from them as to 
the efficiency of the heart according to the conditions under which it — 
works, are also of great interest: 

(a) When the arterial resistance is moderate, the oxidative efficiency 
of the heart increases, although only slightly, as the diastolic volume 
increases from its minimum up to submaximal values. 

(6) At the same diastolic volume there is an optimal arterial resist- 
ance at. which the efficiency reaches its maximum; this arterial resistance 
corresponds to that at which the work per beat is also at its maximum. 

(c) Comparatively large variations of the arterial resistance, above 
and below the optimum, affect the work and the efficiency only slightly 
(at constant diastolic volume). _ 

(d) If, however, these variations are beyond a certain limit the work 
decreases considerably and the efficiency drops to a great extent. In 
the cases investigated the region of comparatively constant efficiency 
extended between 40 and 60cm. of water; with resistances between 
40 and 15 em. of water the efficiency decreased by about one-half; it 
may be presumed that with resistances above 60 om. of water the effi- 
ciency would go down even more for the same work. The significance 
of these results, if confirmed for the mammalian heart, need not be 
emphasized. 

The maximum isgsilntive efficiency” recorded in the present ex- 
periments was of the order of 30 p.c. In the majority of cases the 
optimum varied between 17 and 25 p.c. These figures are in good agree- 
ment with those given by Weizsicker [1911] for the frog’s heart. 

As to the oxygen consumption per gramme per hour, it evidently 
undergoes large variations according to many different conditions, the 
diastolic volume of the heart being one of the most important factors. 
By way of comparison with what has been found on the frog’s heart I 
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give here the oxygen consumption of one gramme of heart muscle when 
the heart has a diastolic volume corresponding to a diastolic pressure of 
10 cm, of water, at the heart rate:of 8 to 12 beats per minute, arterial 
resistance 15 om. water, and at a temperature of 12° to 18°C, As calcu- 
lated from. all the experiments performed it corresponds to 1-05 ¢.0. per 
hour, a value very close to that. given by Clark and White 1828 a] 
for the frog’s heart under similar conditions. 

A diminution of the heart volume to its minimum, while all sien 
conditions remain constant, would reduce the oxygen consumption down 
to as little as 0-25 to 0-30 c.c. per hour; and an increase of the arterial 
resistance to its optimum would raise it to 1-20 c.c. per hour per gramme; 
the variations in the amount of oxygen consumed — one gramme of 
muscle in unit time are considerable. 


1, Anew apparatus has been described, for the study of the oxygen 
consumption of the tortoise ventricle moene under well controlled and 
easily variable conditions. — 

- 2. The effect upon the total energy liberated during systole, of the 
mechanical conditions under which the latter takes place, has been in- 
vestigated, and is found to be similar to that already described for 
skeletal muscle. 

3. The performance of sock has, in fact, been found to mobilize an 
extra amount of energy, fairly well proportional to the work itself. 


"4. An attempt to reckon the influence of the initial length of the 


fibres per se, independently of the work done, has also been made. 


My best thanks are due to Prof, J, Barcroft for his advice and 
during this work, 
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THE NORMAL PRESENCE OF a AND y EXCITA- 
-BILITIES IN THE NERVE-MUSCLE COMPLEX. 


By W. A, H, RUSHTON. 


(From the Eldridge Reeves Johnson Foundation for Medical ree 
University of Pennsyloansa.) 


During the past twenty years there has been some difference of opinion 
as to whether the chronaxie of muscle is the same as that of its nerve or 
quite different. Lucas [1907-8] obtained evidence for the latter con- 
clusion, for he excited a muscle directly with currents of various durations, 
and found that the strength-duration curve obtained was in general com- 
posed of one or more of three types of curve, one being identical with that 
from nerve, another having a chronaxie several times as great, and a 
third (with which we are not here concerned) having an extremely short 
chronaxie. Lapicque [1926], on the contrary, invariably found that the 
first-mentioned of Lucas’s three curves alone was present, and he con- 
cluded that the chronaxie of muscle is the same as that of its motor nerve 
(isochronism). He suggested certain errors in technique which might have 
accounted for Lucas’s results, but did not put his suggestions to the test. 
In a recent paper [1930] I have attempted to repeat Lucas’s results 
under such conditions that Lapicq ue’s criticisms will not apply, and the 
results of this investigation confirm Lucas in that they show that there 
are in fact two excitabilities!, y and a in the nerve-muscle complex of 
which is isochronous with nerve, and a has a chronaxie many times 
longer, 

This matter is of importance from two aspects. First the simple 
technique of chronaxie measurement as set forth and practised by 
Lapicque and his followers is quite inadmissible if there is more than 
one excitability present with different chronaxies. For if the rheobase lies 
on one of the two curves, and the “chronaxie point”’ lies on the other, a 
slight relative change in the rheobases of the two component curves will 

1 In my former paper I used the term a and y “substances” (following Lucas). I am 
indebted to Prof, Lapicque for pointing out that the expression might seem to exclude the 
possibility of the two curves being obtained from a single element by two different modes of 


excitation (e.g. opening and closing). I am therefore substituting his expression “excita 
bility,” leaving it an open question whether one or two different structures are involved., 
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be interpreted as a change in chronaxie of complex tissue. Second, the 
physiological concept of isochronism and therewith the theory of curari- 
zation cannot be maintained in its present form if a nerve can supply the 
a excitability whose chronaxie is at least twenty times greater. 

On account of the importance of these questions, it is desirable to 
obtain yet further evidence that the presence of the a and y curves in 
muscle is normal. The data under discussion have been obtained largely 
from the sartorius muscle, and Lapicque maintains that this muscle is 
apt to give anomalous results. I have therefore investigated a number of 
other muscles from the frog in order to find out whether these also exhibit 
@ and y curves, for it would obviously be unwise to consider these two 
curves as the expression of normal nerve-muscle excitabilities if in fact 
they are merely the peculiarities of a certain anomalous muscle. = =— 


CURVES FROM VARIOUS MUSCLES. 


The apparatus and procedure were similar to that described in Fig. 6 
of the previous paper. In brief the muscles were immersed in Ringer’s 
fluid through which the current flowed, and the stimulus was localized to 
a certain part of the muscle by concentrating the current under an ebonite 
block. This was usually placed near the end of the muscle, and the cathode — 
was on the side of the block away from the middle of the muscle. In this 
way the excitation arose from a place on the muscle not far from its ex- 
tremity. As may be seen at once from Figs. 1, 2, 5, 7, etc., both a and y 
excitabilities may be obtained from all the muscles investigated. These 
were the following?: 


1. Tibialis anticus longus. 5. Semitendonosus. 9. Genio-hyoid. 

2. Tibialis anticus brevis. 6. Semimembranosus. 10. Peroneus. 

3. Flex. dig. brev. superfic. 7. Gastrocnemius. 11, Gracilis. 

4. Pectoralis (pars abdom. ). 8. Coraco-radialis. 12. Rectus abdominis. 


They were selected on account of their size and ease in dissection. No 
muscle was found which failed to present the two types of excitability, 
though occasionally the y curve was present nearly to the exclusion of 
the a. In such cases it was always possible to increase the proportion of 
the a by moving the ebonite block further towards the extremity of the 
muscle. It appears that, in general, the extremities of muscles are rela- 
tively deficient in the y excitability. As is well known, Bourguignon 
[1923] has compared the chronaxies of many different muscles and drawn 
interesting conclusions therefrom. No similar comparison of the a curves — 


1 The nomenclature of the muscles is taken from Ecker and Wiedersheim (1896], 
except that I have called “gastrocnemius” what is there called “plantaris longus.” _ 
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Pectoralis 
(pars abdom) | 
| Flexor digitorum brevis 
; 
Rectus abdominis 
Gracilis 


Fig. 1, Strength-duration curves of M. pectoralis (pars abdom.), flexor digitorum brevis 
superficialis, rectus abdominis, and gracilis, Abscisse, duration in o; ordinates, 


strengths in arbitrary unite. 
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Fig. 2. Strength-duration curves of M. coraco-radialis, genio-hyoid, tibialis anticus brevis, 
and tibialis anticus longus. Abscisse, duration in 


units. 
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in this paper is legitimate. Though in the present arrangement the results 
may be repeated within experimental limits of 7 p.c., a small alteration 
in the position of the electrodes often causes changes in the chronaxie of 
the a excitability as large as the difference between one type of muscle 
and another. And so, though I would not wish to deny that different 
muscles may have different typical chronaxies, it must be pointed out 
that information upon this head cannot be obtained from the present 
results. In the case of one or two of the muscles investigated it was not 
found possible to excise them without a certain amount of damage, 
but there is no reason to suppose that the dual nature of the observed 
curve was due to any injury. It was found equally in the genio-hyoid 
and the gastrocnemius, though the first is very delicate “ the second — 
robust and easy to excise without injury. 

It appears in fact that, whatsoever voluntary muscle is used, it will 
exhibit the two different excitabilities when treated in the manner de- 
scribed, and hence it is legitimate to conclude that the presence of a and y 
is not due to any peculiarity of the sartorius and sterno-cutaneous in- 
vestigated in the previous paper, but is a property of all striated muscles. 


STIMULATION BY CONDENSERS, 


7 Though Lapicque and his school have sometimes used brief sneak 

currents (rectangular pulses) as stimuli for strength-duration investiga- 
tions, the method of condenser discharges (exponential pulses) has been 
found by them to be more convenient and hence has been more commonly 
employed. The question naturally arises as to whether the « and y curves 
obtained by the former method, as just described, also present themselves 
in the latter case. 

It will be recalled that Lucas was originally led to his investigation 
of “the excitable substances in muscle” by the observation that the sar- 
torius muscle when stimulated in its middle region by condenser dis- 
charges exhibited a double “energy minimum,” ¢.e. at two definite rates 
of discharge the energy required for a threshold excitation was less than 
that required for other rates of discharge. Lucas’s energy-capacity 
curves [1906-7] show a marked discontinuity, and so we might expect 
that the corresponding voltage-capacity curves would also show a 
discontinuity. 

This expectation was confirmed in experiments upon the sartorius, 
gastrocnemius, semimembranosus and peroneus muscles, using the block 
type of electrode previously described. The electrical circuit was of the 
usual form where the condenser is discharged through the tissue by open- 
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ing a contact mechanically. The resistance of the discharge circuit was 
measured directly before and after the experiment by the alternating 
current bridge method (1000 cycles) with telephone detection of the 
balance point, and the two results agreed to 2 p.c. Now the rate of dis- 
charge is characterized by the product of the capacity and the effective 
resistance through which the discharge flows, and according to Lapicque, 
3 OR gives the duration of an equally effective constant current whose 
strength is the same as the initial discharge current when this is twice 
the rheobase. Thus in Fig. 3 the abscissae are scaled to represent not 
capacity, but $CR, and hence should give strength-capacity curves 
quantitatively comparable with the strength-duration curves in this 
ae The strength-capacity curves in Fig. 3 exhibit kinks of the same kind 
as with rectangular waves, but the discontinuities are not generally so 
conspicuous with condenser discharges as with constant currents. The 
curves from the peroneus and the sartorius show the break obviously. In 
the results from the gastrocnemius, two curves are superimposed. The set 
of points A, here represented with a kink, when plotted alone allows of a 
single perfectly smooth curve to be drawn through it. At the time of 
obtaining the results, however, it was plotted in logarithms (see Fig. 9). 
In this representation it is seen at a glance that the curve A is obviously 
composed of two parts, and.I therefore sought to obtain physiological 
confirmation of the duality. A shift of the cathode towards the peripheral 
extremity of the muscle gave a strength capacity curve with no break 
even with the logarithmic representation (B, Fig. 9), and this, when the 
ordinates are suitably reduced, is seen in Fig. 3 to coincide with the former 
curve exactly in its lower range, but to deviate abruptly at the point 
§ CR = 2-7c. It is exactly here that the kink occurs in the logarithmic 
representation. 
In the results from the semimembranosus muscle, strength-duration 
curves (circles) were also obtained from the preparation with electrodes 
unaltered. Of these curves the lower pair is taken with the cathode on 
the side of the block nearer the centre of the muscle. This exhibits mainly 
a y curve with an a portion at long durations. The other pair (whose 
ordinates have been doubled for clearness of the figure) was obtained by 


reversing the current, and, as usual, the a excitability was much more 


prominent. A y portion was present in both these portions also, but only 
at a duration shorter than here represented. It is obvious that the two 
curves of each pair by no means coincide, nor can they be made to do so 


by any uniform alteration of scale, for the strength-capacity curves do not 
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Fig. 3. Condenser discharges; strength-capacity curves of M. semimembranosus, gastro- 
cnemius, sartorius and peroneus. 
(circles). 
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turn up from the rheobase nearly so suddenly as do the strength-duration 
curves. This difference accounts for the greater difficulty in obtaining 
kinks in the strength-capacity curves, for it is easily seen from the figure 
just considered, that if the a pair and the y pair are superimposed by any 
suitable scaling of ordinates, the a and y strength-duration curves (circles) 
will meet far more obtusely than will the a and y strength-capacity curves. 


One is inclined to ask why it is that the strength-capacity curves exhibit this difference 
from the strength-duration curves, but might it not legitimately be countered why the two 
should be similar? It is not easy to appreciate intuitively the essential points of comparison 
between constant currents of different durations and condenser discharges of different rates, 
but if we assume that the ti a cond with resistance in series and in parallel, 
then it is not difficult to calculate the limiting strength-duration and strength-capacity 
curves, such that a certain fixed charge is attained by this condenser. 

_ The strength-duration relation is 


the strength-capacity relation is . 
(a/B) a/(a—B); ‘ 
where A =rheobase; a=time constant of tissue (=CR term); 8 = time constant of cond 


When plotéed the one hand ond on the bthec, 4 fe found that 
the two curves resemble closely the corresponding physiological curves, and in particular 
that the former rises much more sharply from the rheobase. It is therefore not unreasonable 
dicated by the simplified condenser model. 

A practical consequence of this difference between the curves with 
rectangular and exponential waves is that the former is greatly pre- 
ferable in circumstances where the detection of a kink i in the curve 
important. 


FURTHER EVIDENCE FOR KINKS IN CURVES. 


Since the presence of the two excitable substances is detected by dis- 
continuities in the slopes of the curves, it is naturally important to be 
satisfied that these kinks are not due to errors. In the former paper 
certain methods of confirmation were given, ¢.g. variation of threshold 
with angle or comparison of supposedly complex curves with the primaries 
if they can be obtained alone. Neither of these methods is easily applic- 
able unless the muscle is very regular, and so in the majority of muscles 
certain other tests must be applied. Often the two curves meet at an 
angle so obtuse that discontinuity is well marked and no further satis- 
faction is required than that the observations are repeatable within the 
recorded limits. When, however, the curves meet at a duration of 300 or 
more, there may be such a small angle between the horizontal y rheobase 
and the slowly falling a — that the kink is not very obvious, and 
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some further confirmation of the supposed discontinuity would not seem 
out of place. In such cases the break is illustrated more accurately and 
convincingly by plotting in logarithms, a form of representation which is 
discussed at the end of this paper, but it is also possible to obtain 
certain fresh physiological data which will clearly demonstrate some 
change of function coincident with the questioned kink in the curve. 
Two methods will be described: 
(a) Latent period; | 
(6) Double contraction. 


(a) Latent period. 


The circuits are shown diagrammatically in Fig. 4. The Lucas pendu- 
lum was fitted with three keys. K, and K, are arranged as usual to send 


= 
= 


¢ 


Fig. 4. Cirouit diagram for latent period experiment. 


@ rectangular wave into the tissue. K, is in quite a separate circuit in- 
cluding a 6-volt accumulator, the primary of an inductorium and a 
mercury contact in connection with a light torsion lever. As is easily 
appreciated from the figure, a contraction of the muscle depresses the 
lever, and thus causes the amalgamated copper wire to dip into the two 
mercury cups thereby completing this portion of the circuit. The second- 
ary of the inductorium was connected to a telephone headpiece, and thus 
when the muscle contracted a loud click was heard as the mercury contact 
was made, provided that K, was still closed. By arranging K; to be 
opened at shorter and shorter intervals after K,K, a point would be 
reached at which the click was no longer heard. This of course is when K; 
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was opened just before the mercury contact was made. The setting of K, 
now gives the instant when the contraction had developed sufficiently to 
cause a certain fixed small movement of the lever. The experimental pro- 
cedure was therefore as follows. The muscle was set up and the block 
placed in such a position as to cause the a and y curves to meet at a dura- 
tion of more than 10c. If a preliminary determination of the strength- 
duration curve showed that this condition had not been obtained, the 
block was shifted and a redetermination made. When this was satisfactory 
the main experiment began, the results of one of which are shown in 
Fig. 5. 
K, K, were set at an interval corresponding to 0-5¢ and the threshold 
sought, using as index both the smallest visible movement of the lever, 
and also the presence of a click in the telephones when K, was short- 
circuited (by a key not shown in the figure). The two criteria usually gave 
the same result. On the y curve the difference was certainly less than 
1 p.c., and on the a curve the smallest movement occurred at about 2 p.c. 
below the threshold for a click. Just adequate threshold stimuli were then 
sent in and the interval between K, and K, adjusted so that a position 
was obtained where a click was heard, but which when diminished by 
2 or 3a abolished the click. The threshold was finally redetermined as a 
check upon the stability of the preparation and then the K,K, interval 
was increased to 1o and the whole set of measurements repeated. This 
was continued with a number of different intervals as may be seen from 
Fig. 5, which shows the strength-duration curve plotted in the usual 
manner, and also the interval between K, and K, plotted on a vertical 
time scale equal to the horizontal time scale. The upper limits of the ex- 
perimental “points” on this second curve represent instants when a click 
was heard, the lower limits represent instants when no click was heard, 
thus the interval between the start of the stimulus and the make of the 
mercury contact is given by the ordinate of some place on the experi- 
mental “point.” One practical difficulty arises in dealing with a threshold 
excitation in this way. Clearly when a click is heard it signifies that K, 
opened after the mercury contact was made, but when no click is heard 
it may mean either that K, has opened too early or that the threshold has 
altered slightly and the stimulus become just subthreshold. To distinguish 
between these two possibilities without further stimulation, use was made 
of the fact that an amalgamated point, in equilibrium very close above 
the mercury surface, remains after immersion in contact with that surface 
due to surface tension. Hence when no click was heard it was merely 
necessary to note that there was a click on closing K, again to be satisfied 
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that there had been a contraction. Then of course the point was lifted 
from the mercury surface before the next observation was made. 


110 
100 + 


Fig. 5. Strength-duration curve of M. semimembranosus and latent period curve (heavy 
line), Abscisse, duration in 0; ordinates, strengths in arbitrary unite and latent period 
in ¢. For each duration the stimulus was the ordinate of the strength-duration curve, 
and the corresponding latent period, the ordinate of the other curve. | 


Turning now to the experimental results (Fig. 5), the strength- 
duration curve is seen to fall rapidly for the first 3c, reach a horizontal 
plateau (y rheobase) at some point before 6c, to continue horizontal until 
after 150 and then to fall again (a curve) before 20c and continue to fall 
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at least until 900. It is such a curve as this whose dual nature might be 
contested. Is the accuracy of the points sufficient to warrant the con- 
clusion of discontinuity in the region 15-200? On this head the evidence 
supplied by the latent period curve (heavy line) is very definite. This is 
seen to rise at 45° for the first 3-50, then run horizontal to 15-200, then 
jump suddenly to a point some 250 above, and thereafter continue to rise 
at 45°. I have made experiments upon the sartorius, gastrocnemius, and 
semimembranosus muscles and in all of these the same relation has been 
observed between the two curves. Namely, when the strength-duration 
curve is falling (whether a or y), the latent period is rising at 45°; when 
the y curve is running horizontally, so is the latent period curve; when 
the y curve changes to a there is a great jump in the latent period curve, 
and this jump is more pronounced the greater the abscissa at which the 
y and a curves meet. In this way it has been possible to demonstrate the 
presence of a kink occurring as late as 100c, for although in this case the 
a@ curve was represented by a single experimental point, the latent period 
at this point jumped about 1000, showing very emphatically a change of 
function. 

It is a matter of interest to consider why the latent period curve is 
composed of four straight lines, one at 45°, one horizontal, one vertical, 
and a second at 45°, and why these correspond to specific regions of the 
complex strength-duration curve. The interpretation is easy. 

If a muscle is excited by a threshold stimulus greater than the rheo- 
base, then (by definition) the threshold will not be reached until the 
moment when the stimulus ceases and the impulse will start at this 
instant [Bishop, 1927]. If the movement of the muscle lever oc- 
curred simultaneously with the starting of the impulse, then the interval 
between K, and K; would be the same as the interval K,K,, or, plotted 
as in Fig. 5, the latent period curve would be a straight line at 45° passing 
through the origin (since both time scales are equal). Since, however, 
there is a certain delay between excitation and making of the mercury 
contact, this 45° line will not pass through the origin but will cut the 
vertical axis at an interval corresponding to this delay. 

This 45° course of the line obtains, however, only so long as the 
stimulus lies above the rheobase. Down to this point the impulse starts 
at the instant before the threshold stimulus stops. When, however, we 
employ durations longer than the y utilization period (about 3-50 in 
present example), the impulse no longer waits until the stimulus ceases 
but arises at the end of the utilization period no matter how long the 
stimulus persists. Thus the latent period curve runs at first at 45°, but 
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when the duration of stimulus attains the utilization period, it suddenly 
turns and runs horizontally. This horizontal line will continue so long as 
the threshold lies above the y rheobase, but as soon as an « point is found 
below it, the impulse can no longer arise at the end of the y utilization 
period, and will not be elicited until the « stimulus ceases. The conditions 
are exactly the same whether we are on the sloping part of the a curve or 
the y. Thus in the ¢ region too the latent period curve is a straight line at 
45° and if the delay period for a were the same as for y, the 45° line should 
be a continuation of the y 45° line, with a gap. Actually the delay period 
for a is always greater than for y (by an amount which varies with the 


Fig. 6, Diagrammatic time tescing of « and y contesctions. 


preparation), a fact which makes the discontinuity we are observing the 
more pronounced, and which is easily explained. 

One property of the y excitability which usually distinguishes it dein 
a is that the most excitable elements are connected to a great many 
muscle fibres. In this way a certain strength of stimulus which gives no 
contraction will when increased by 1 p.c. cause quite a large contraction. 
The @ excitability gives only a small movement in these circumstances, 
and hence the two excitabilities can usually (but not invariably) be dis- 
tinguished by observing the size of threshold contraction. This was in- 
dicated earlier when the threshold was measured both by the movement 
of the lever and by the click in the telephones. In the present case the 
threshold contraction for yy was certainly much larger than that for a, so 
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that the two may diagrammatically be represented as in the time tracing 
(Fig. 6). If the line AB represents the amount of contraction required to 
make the mercury contact, it is at once obvious why the delay in the « 
contact is much longer than the y delay and why it varies considerably. 


In Fig. 5 the latent period corresponding to the shortest duration on the a curve appears 
to be too long, for the point lies well above the 45° line. This is probably due to the fact that 
at this point special care was taken not to exceed the a threshold by more than 1 p.c. so as 
still to lie below the y rheobase; consequently the mercury contact was not made till near 
the maximum of the contraction, in contrast to the other a points where the stimuli exceeded 
the threshold by 2 or 3 p.c. ee ee 
contraction. 


At the duration 200 (Fig. 5) two ‘cal are given on each curve. The 
threshold here is just below the y rheobase and the latent period corre- 
sponding is about 50c. An increase of 2 p.c. in current strength, however, 
attained the y rheobase, and here a much larger contraction resulted and 
the latent period dropped 30c to the other value shown. Thus a change 
from y to a is shown not only by a change in the slope of the curve but 
by the difference in the size of the contraction and the jump of the latent 
period. 

It is obvious that the method here employed is quite unsuited for an 
accurate estimation of the true latent period, but it is absolutely adequate 
for the matter in hand. Within the experimental limits of a few o, the 
latent period curve is in complete accord with our expectations; the 
simplicity of its form makes it easy to recognize a chance erroneous point, 
and the manifest jump coincident with the junction of y and a leaves the 
dual nature of such strength-duration curves incontestible. 


(b) Double contraction. 

_ In the foregoing section it has been shown that the threshold y con- 
traction occurs considerably before the threshold @ contraction in cases 
where the two curves meet at an abscissa of 20¢ or more. This suggests 
the possibility of obtaining a double contraction from a single rectangular 
wave due to the different latent periods of the two excitabilities. Three 
examples of this are shown in Fig. 7, together with the corresponding 
strength-duration curves, upon which the crosses A, B, C, indicate the 
strength and duration of the stimuli employed. 

I. Gastrocnemius. 
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The third stimulus B lies above the « curve but below the y rheo- 
base. 

The second stimulus C lies above both a and y curves. 

Thus contraction of A is a y contraction, B is an « contraction and (0 
is a contraction of y and a. The — shows that C is obviously com- 
ieee of A and B. 


II. Peroneus 


50 100 


y bead Double contractions. Contraction curves from gastrocnemius and peroneus muscles 
Abscissa in o. 
Il. Peroneus. 

The case here is exactly as in I. 


| IIT, . Peroneus. 

The contractions here were only just threshold, as shown by crosses 
on the strength-duration curve. It is seen that the rheobase produces the 
same form of contraction however long it lasts (30-60¢) until at 700 
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the a appears below the y curve. At this point a double contraction re- 
sults. At 1100 two different current strengths below the y rheobase = 
single-peaked contractions. 

The true form of these curves was somewhat distorted by the un- 
damped tension lever used, whose natural period (as may be seen from 
I and IT) was not very remote from that of the double contractions re- 
corded. It is very unlikely, however, that the double contractions are 
simply of instrumental origin, for they could never be obtained by any 
magnitude of contraction involving only « or only y, but appeared at once 
as soon as the stimulus exceeded the thresholds of both excitabilities. 
Moreover, the relative prominence of the two contractions could be varied 
at will by selecting a stimulus which lay near the threshold for one and 
well above that for the other, a thing which would be difficult to explain 
on the grounds of lever resonance to a single simple twitch. 

Lucas [1917] in his experiments on Astacus used. the method of 
double contraction to demonstrate the discontinuity in his strength- 
duration curve, but in that case the two contractions were of different 
kinds. In the present instance the a excitability, though of much greater 
chronaxie than the y, does not appear to give an appreciably slower con- 
traction, and seems to be an exception to Lapicque’s generalization 
that contraction rate is more or less proportional to chronaxie!. 

In this paper we set out to learn whether the a and y curves formerly 
obtained from the sartorius were of normal occurrence in voluntary 
muscles. It has been shown that in every one of the dozen different 
muscles investigated these two excitabilities are to be found. Sometimes 
the strength-duration curves show an obvious kink, and there is no further 
question, but sometimes the kink is less obvious and confirmation is 
useful. Three methods have been employed. By shifting the electrode 
block the proportion of a and y.can be changed so that the new curve 
shows clearly a kink, either by itself, or at least when viewed in con- 
junction with the former curve (cf. Gastrocnemius, Fig. 3), By measuring 
the latent period for threshold excitations of various durations, a great 
discontinuity is found coincident with the suspected kink in the strength- 
duration curves, A tracing of the contraction shows a double peak only 
when the stimulus is a current whose strength and duration is represented 
by a point lying above both a and y‘curves. And though these last two 
methods will only apply when the strength-duration curve is almost 

1 The approximate identity of the a and y contraction curves has been verified by 


the use of an isometric lever of period some nine times as short as the duration of 
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exclusively y, yet it is just in these circumstances that the confirmation 
is most needed. 

As@ result of these observations, I think that we may conclude that 
by the use of large electrodes of the block type, a and y curves may be 
obtained from any voluntary muscle in the frog. 


METHODS OF PLOTTING THE STRENGTH-DURATION RELATION. 


The representation of the relation between strength of exciting current 
and the duration necessary to attain a threshold excitation is useful in 
two connections, There is the obvious value as representing the result of 
a determination in a graphical manner, at once appreciated very much 
more readily than a table of figures. But no less important is a graphic 
representation during the actual experiment. If a curve shows no 
irregularities it may be drawn with some accuracy if only a few points 
are determined, but if there are kinks it becomes at once essential first 
to investigate whether the kink is the expression of some physiological 
discontinuity or merely a chance error, and second, in the event of its 
being found to be significant, to determine accurately the whole neigh- 
bouring region of the curve. It is obvious that a detailed appreciation of 
the irregularities of a curve cannot be obtained unless the curve be plotted 
during the actual investigation, and it will often happen, when this is not 
done, anda curveis constructed later from the numerical data of a previous 
experiment, that the results are found to be doubtful. A point slightly 
displaced might be significant or merely a chance error; a single new point 
determined in a critical region would have settled the matter beyond dis- 
pute. For this reason it is important to plot the points as they are deter- — 
mined. This procedure, moreover, has an advantage of a different kind. 
In order to obtain reproducible results it is necessary to avoid applying 
stimuli which are excessively numerous or much above the threshold. In 
other words it is well to have a good idea of the probable position of a 
point on the curve before determining it. It may then be obtained with © 
@ minimum of erroneous trials. This might be criticized on psychological 
grounds, but, working with limits of 5 p.c., the presence or absence of a 
twitch is so definite that the observer's imagination can hardly influence 
the results. Thus the graphic representation of the experimental points 
as they are determined has the additional advantage that it allows a 
closer guess at the probable position of the next point. 

Turning then to the question of the particular form of curve to on 
employed, we should consider the two uses of this representation. For a 
record of the experimental results the curve should be illustrative of the 
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important features (e.g. experimental limits, change in form of the curve, 
kinks, etc.). For use during the actual experiment it should also admit of 


a fairly accurate extrapolation from point to point, and should not require 


any elaborate computations to obtain the required functions. 
Of the many forms of representation which are possible, four will here 


be mentioned. They are all discussed in Lapicque’s book [1926], and 
may be tabulated as follows: | 
vertically horizontally 
i t This is the usual strength-duration curve. 
it t Quantity-duration curve, the Weiss-Hoorweg line. 
it t Energy-duration curve (cf. Hermann, energy minimum). 
log ¢ log t Lapicque, loc. cit. p. 152. 


The strength-duration curve has directness and familiarity to commend 
it. The objections are that, even with the most favourable scaling, the 


curve is nearly vertical at short durations, which makes it difficult to 


appreciate both the form of the curve in this region and the limits of ex- 
perimental error. When two curves are plotted for comparison it is very 
hard to distinguish them in the “ vertical” region or to find which “ points” 
belong to which. It is also difficult even with some practice to tell how 
two such curves would compare when scaled to the same rheobase (which 
is in fact what one usually wants to know). But when two different curves 
such as a and y are both to be represented on the same scale, matters 
become acute. The y curves often have chronaxies of 0-2¢, and hence 
cannot be adequately represented on a scale of less than 5 mm. for lo. 
But the a curve, which, though indubitably present, often does not appear 
until a duration of 50c, seldom reaches its rheobase by 100c (using the 
block electrode system I have generally employed). The graph must 
therefore be half a metre or more in extent, which is obviously impossible 
for publication purposes. Moreover, the kink in the curve in this case 
seems so small, due to the large scaling, that one is apt to overlook it 
altogether or at least to minimize it, since the angle at which two curves 
meet is what actually strikes the eye. In view of these considerations it 
is seen that, though the strength-duration curve is adequate for the repre- 
sentation of a single simple curve suitably scaled, it fails to illustrate 
clearly the more complex conditions which further analysis reveals. 

The quantity-duration curve is recommended by Lapicque as a 
representation which shows up experimental errors. For general pur- 
poses, however, I do not think that it is better than the strength-duration 
curve. It has the advantage of being clearer at short durations and it is 
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certainly easier to anticipate points during an investigation if they all lie 
on the Weiss-Hoorweg line. But against this, each point requires a 
small caleulation, the « curve does not lie upon the Weiss line, but ap- 
proaches rather the Nernst parabola (it = k4/t), and in addition a kink 
in the curve is obscured by this method of plotting, since the divergence 
of angle though significant is very small. In addition, all the scaling ob- 
jections which applied to the strength-duration curve enter equally here. 

The energy-duration curve has practically no advantages over the 
foregoing. Many of the objections are emphasized, some new ones enter, 
and the one advantage, relating to the energy minimum, is shared equally 
by the next method to be considered. 


Peroneus 


_ Fig. 8. Logarithmic plotting of strength-duration relation of semitendonosus and the 


peroneus shown in II, Fig. 7. Ordinates, log (strength); abscisse, log (durations) in o 
at half scale. : 


Double logarithmic scale. 
The most satisfactory method of plotting that I have found is on 
paper graduated in logarithms on both axes. On the horizontal axis the 
scale 1 to 10 occupies 24 inches, on the vertical axis 1 to 10 occupies 
5 inches. Such a scale can easily be constructed from the long and short 
scales of a 5-inch slide rule, etc. In this way the intensity axis has a 
range of 1 to 100 and the time ranges from 0-1¢ to 1 sec. on a sheet of 
10 x 10 inches. 

_ It is sometimes objected to logarithmic plotting that it distorts the 
results and is often employed to give a spurious accuracy by reducing the 
errors to vanishing point. This objection does not hold if care is taken to 
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epresent the magnitude of the experimental errors on the new scale, and 
if it is remembered in comparing small deviations on the graph that at 
the left of the scale they are insignificant, whereas six decades to the right, 
a miss is as good as a mile, or at least a micron is as good as a metre. 
Now plotted in this way the strength-duration curve can be very well 


0-02 0-03 005 02 039-405 2 845 0 20 30 40 80 100 co 

Fig. 9. Logarithmic plotting of strength-capacity relation from the gastrocnemius in 
Fig. 3. Ordinates, log (strength); abscisse, log (} CR) in o at half scale. 


represented. The horizontal limits of error are negligible, except at the 
shortest durations, and the vertical limits, being always about 5 p.c., are 
always a line of about 0-1 inch. An instance of this form of plotting is 
given in Fig. 8, where results are obtained from the semitendonosus and 
the peroneus. The data from the latter are identically that of Fig. 7 (II), 
and it is obvious how clearly the discontinuity between a and y stands 
out in comparison with the former method, especially when it is noted 
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that there is no experimental point where the two curves meet. In fact, 
when the results are represented logarithmically there is hardly any need 
for the corroborative evidence of the double contraction. Wherever it 
occurs the discontinuity is clearly seen by this method of plotting except 
in the event of it falling in the neighbourhood of 0-3c. In this region the 
two curves appear to become tangential, and hence there is no kink 
between them to be brought out by any method of plotting. 

The smallness of the curvature of the logarithmic relation makes it 
easy to anticipate the next point in an investigation, and as a routine it 
is usually safe to extrapolate linearly ; this gives a strength a little below 
threshold, which can then be attained in about two 5 p.c. steps. 


| log duration—> 

Fig. 10. Diagrammatic logarithmic plotting of strength-duration relation. 
In comparing several curves on the same graph, the logarithmic 
method allows of greater clearness than any of the others considered; and 


. has the considerable advantage that a change in rheobase without change 


in the time relations merely causes the curve to be shifted parallel to 
itself in a vertical direction. Thus in Fig. 9, which represents the strength- 
capacity results on the gastrocnemius shown in Fig. 3, we can see at a 
glance, not only that one curve is simple and the other complex, but also 
that the simple curve will coincide with the a portion of the other when 
shifted vertically, and hence that the two @ curves will coincide when 
suitably scaled (as is seen to be the case in Fig. 3). Finally the energy 
minimum is easily found from the logarithmic curves, being the point 
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whee the tangent lies at 45° to the axes (gradient = —1). For, if P 
(Fig. 10) is any point moving along a 45° line it is clear that in changing 
its position it increases its x by as much as it decreases its y, hence 


@+y = constant on that line. But = logt, y = 2 log (because of the 


double scale), hence 
log t + 2 log 4 = const. = log 7*t. 


nme energy = constant. 


45° lines therefore are lines of constant energy and are also the lines de- 
manded by Nernst’s equation i*¢ = const. It is thus clear that the point 
of-minimum energy is at that place where the curve has reached the 45° 
line nearest the origin, i.e. when the 45° line is tangent to the curve. 

It thus appears that the logarithmic plotting in the manner described 
has most of the advantages and not many of the defects of the methods | 
considered, and is hence to be recommended both in obtaining and in 
representing the strength-duration relation. 


SuMMARY. 


The present investigation was undertaken to learn whether the « 
and y excitabilities in the strength-duration curves of muscle, demon- 
strated in a recent publication, are of general occurrence or due to certain 
particulars of preparation and the technique there employed. As a result 
we may conclude that: 

(a) The two excitabilities are not confined to the sartorius and sterno- 
cutaneous muscles previously investigated, for they may be equally 
obtained in a dozen other muscles from the frog. 

(b) The relative prominence of « to y may nearly always be increased 
by causing the cathode to lie nearer the extremity of the muscle. 

(c) When y is present nearly to the exclusion of a, the presence of the 
latter may be confirmed by the very considerable change in the latent — 
period of contraction which occurs at the point where the threshold — 
changes from y to a, and also by the double-peaked contraction curve 
which can be obtained from a single stimulus. 

(2) When ,condenser discharges are used as stimuli the strength- 
capacity curves also show a and y portions, but the kinks are generally 
not so obvious as in the case of brief constant currents. 

(e) The strength-duration relation is very conveniently expressed by 
plotting in logarithms. The question of the relative — of certain 
methods of plotting is discussed. 
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In conclusion I should like to express my indebtedness to Prof. Bronk 
for his help and encouragement during the present work. 
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FURTHER OBSERVATIONS RELATING TO THE 
PHYSIOLOGICAL ACTIVITY OF ADENINE 
COMPOUNDS. 


By D. W. BENNET (San Francisco) anv A. N. DRURY?. 
(From the Department of Pathology, The University of Cambridge.) 


In a previous paper by one of us (A. N. D.) in collaboration with Szent-— 


Gydérgyi [Drury and Szent-Gyérgyi, 1929] the isolation of a sub- 
stance from heart muscle which had a definite action upon cardiac 
rhythm was described in some detail. This substance was finally con- 
sidered to be muscle adenylic acid owing to its chemical and physiological 
properties. The study of its physiological action was made much the 


more simple because adenosine was found to have identical biological 


activities, for this substance can be readily prepared from yeast nucleic 
acid, while the natural substance is isolated with difficulty and in small 
quantity from animal tissues. Most of the observations were therefore 
made with adenosine, and the natural substance used as a check. 

The physiological observations in that paper chiefly concerned the 
action upon the mammalian heart. This was first investigated because 
the isolation of the substance depended upon an effect which we found in 
the guinea-pig;—namely the production of heart block upon injection. 
The influence upon the heart of other animals was followed up in detail 
and the results given. Some of the experimental effects we witnessed 
have already been seen in the human subject after injection of adenosine 
and adenylic acid [Honey, Ritchie and Thompson, 1930; Rothman, 
1930]. In addition to the cardiac effects, however, we reported obser- 
vations which showed that the substances had other very decided actions. 
The fall of blood-pressure, which could not be ascribed solely to a cardiac 
action, but also depended upon an arterial dilatation; the arrest of 
intestinal movements and other effects suggested that the cardiac action 
was only part of the physiological activity of these substances. This 
was supported by the fact that we obtained biological evidence of the 
substance in so many tissues throughout the body that it appeared to be 


1 Working on behalf of the Medical Research Council. 
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a a general cell constituent, and we stressed the point that we did not 


consider the cardiac effects as necessarily the most important. 

In the following paper a more detailed and comprehensive study of 
the physiological actions of the substance and its related compounds is 
given. These observations seem to us desirable, both as an endeavour 
to throw light upon the activity of a group of substances considered up 
to now to be relatively inert and to determine the chemical reaction 
underlying their activity. A detailed knowledge must help also to 
distinguish the various vaso-depressor substances known to be present 
in tissue extracts. Certain new reactions of the substance have also been 
distinguished; it calls forth a local and a general leucocytosis, and is 
liberated when a tissue is damaged. The question comes into considera- 
tion whether it plays any part in the reactions grouped under the term 
inflammation,” and also in those grouped under “traumatic shock.” — 


Heart block in the guinea-pig as an index of physiological activity. 


In the previous paper [Drury and Szent-Gyérgyi, 1929] a sharp 
differentiation was drawn between substances which were active and 
those which were inactive in producing heart block. Recent work has 
shown that this division holds true for guinea-pigs whose rectal tem- 
perature lies around 37°C., and when moderate doses are employed. 
If the dosage is increased, or the temperature of the animal is reduced 
so that its sensitivity to heart block, as has already been shown, is 
intensified, this sharp differentiation breaks down, as Table I shows. In 
such circumstances, it is found that while yeast adenylic acid in moderate 
doses is inactive, an amount about fifty times that of adenosine necessary 
to produce a short duration heart block yields a definite response. With 
such doses a heart block occurs which, though complete only for a few 


seconds, persists as a 2:1 block for considerably more than a mititite-~- ~~ 


Hydrolyzed adenosine, or adenine sulphate, when similar high doses are 
reached, produce heart blocks of very short duration. Guanosine is 
found inactive in very large doses. | 
These observations suggest that the heart block is perhaps to be 
considered as a reaction to a group of substances, the highest potency 
being reached in adenosine and adenylic acid respectively. Though from 
a practical point of view the related substances may be considered 
inactive, any consideration of the chemical basis underlying the reaction 
must take their activity into consideration. It will be seen from the 
observations reported in this paper that yeast adenylic acid elicits a 
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Taste I. | 
Dose in mg. in Duration of heart 
Substance tested 1 o.c, of saline : block in sec. 

Yeast adenylic acid 6-0 iow 
Adenosine 0-1 6 

Yeast adenylic acid 9-0 Short complete block, 

prolonged 2; 1 block 
Adenosine 0-1 14 

Yeast adenylic acid 5-0 Short complete block, 

prolonged 2: 1 block 
Adenosine 0-1 13 
acid* 2-5 0 
Adenosine 0-025 16 
Inosinic adidt 1-25 0 
Adenosine 0-025 6 
Guanosinet 10-0 0 
Adenosine 0-1 3 13 
I adenosine  10.(of original adenosine 8 

0-025 6. 

Adenine sulphate} 8-8 3 


Adenosine 0-1 


15 
* Prepared from barium salt of inosinic acid. Barium wage § O, and fil- 
tered off, solution neutralized before: mbden for 
the barium salt and also for the yeast 3 
Prepared for us by the Bri ritish Drag J 
We to Prot. Hopi ine tor this stanple. 


depressor activity in many ways comparable to muscle adenylic acid, 
and that guanosine has a leucocytic activity not unlike adenosine. It is 
impossible therefore to consider the capacity of these substances to 
produce heart block as an index of their general physiological activity. 


The distribution of adenylic acid. 

Adenylic acid has already been reported in different animal tissues, 
from actual isolation of the substance itself [Hoffman, 1925; Pohle, 
1927; Embden and Zimmerman, 1927]. The heart-block reaction in 
the guinea-pig provides a very simple method of determining its presence, 
and is seen equally well when crude extracts of the tissues from which 
the substance has been actually isolated are injected. Moreover it 
allows an estimate of the relative amounts of the substance present in 
extracts of different tissues to be made, if the other substances present 
do not influence its activity in any way or, if they do, they exert an 
identical influence in all tissue extracts. The reasons why it is thought 
that the activity of adenylic acid is not influenced by the other substances 
present in the crude extracts of heart muscle have already been given 
[Drury and Szent-Gyérgyi, 1929], and this assumption has received 


fe. 
; 
» 
ay 
iM 
3 
42 
4 
ag 
AY 


ADENINE COMPOUNDS. 291 


support from recent observations upon other crude extracts. In these 
observations a known amount of adenosine has been added to the 
crude extracts from different tissues and the heart block produced has 
been of the expected duration, as the following protocols show. 

Guinea-pig. Exp. 1. 0-1 mg. of adenosine in 1 o.c. of saline injected. Heart block of 
10 sec. duration. 1 c.c, of crude skin extract injected. Heart block of 7} sec. duration. 
0-1 mg. of adenosine in 1 ¢.c. of crude skin extract injected. Heart block of 15 sec. duration. 
Exp. 2. 0-1 mg. of adenosine in 1 ¢.c. of saline injected. Heart block of 23 sec. duration. 
0-5 c.c. of crude brain extract diluted to 1 c.c. with saline injected. Heart block of 8} sec. 
duration. 0-1 mg. of adenosine in 0-5 c.c. of extract diluted to 1 c.c. with saline injected. 
Heart block of 35 sec. duration. Exp. 3. 0-1 mg. adenosine in 1 c.c. saline injected. Heart 
block of 25 sec. duration. 0-25 c.c. of kidney extract diluted to 1 c.c. with saline injected. 
Heart block of 17 sec. duration. 0-1 mg. of adenosine in 0-25 o.c. of liver extract diluted 
to 1 c.c. with saline injected. Heart block of 45 sec. duration. 


Such observations have been made with many different crude extracts, 
and the duration of the heart block has always been within narrow limits 
the sum of the duration produced by the extract and the adenosine 
respectively. We feel, therefore, that although the values obtained by 
this method cannot necessarily be accepted as absolute, they represent a 
real approximation to the comparative amounts present in crude extracts 
prepared in the following manner. The tissues obtained as fresh as 
possible have been finely minced and ground up with trichloracetic acid 
and sand; 1 c.c. of a 5 p.c. solution of the acid being added for each 
gramme of tissue taken. After being allowed to stand at 20°C. for 
18-20 hours, the tissues have been expressed in a hydraulic press, 
pressures of 150 kg./cm.? being used. The expressed fluid is then filtered 
and neutralized with sodium bicarbonate, after which it is tested by 
injection. The injections have been made into the jugular vein of an 
atropinized guinea-pig, anesthetized with urethane and ether, the heart 
rhythm being recorded electrically by means of a galvanometer. The 
amount of adenylic acid present is estimated by measuring the duration 
of the heart block produced by a definite volume of the tissue extract 
and finding the weight of adenosine which dissolved in the same volume 
of saline produces a heart block of similar duration. As, in some crude 
extracts, the amount of adenylic acid is very small, it is necessary to 
cool the guinea-pig to obtain a heart block. Such cooling intensifies 
the reaction so that, with rectal temperatures at 28-30° C. injections 
of 0-02 mg. of adenosine in 1 ¢.c. saline give a heart block which could 
only be reproduced in an animal whose temperature is 37° C. by a dose 
5-10 times as great. For this reason it is essential that the animal's 
temperature should remain unchanged when a crude extract is compared 
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with .a known adenosine solution. The volume of each injection has been 
1 c.c., and when extracts rich in adenylic acid are tested, fractions of 
a c.c.. have been diluted to.1 ¢.c. with saline. This not only keeps the 
heart block at a desirable duration of 15-20 sec. but also reduces the 
amount of foreign matter introduced. The injections have been made 
at the same rate throughout, and the standard adenosine has been 
injected either before or after every crude extract. In spite of every 
endeavour to make conditions uniform, the duration of the heart block — 
varies within a few seconds from moment to moment with the changing 
- condition of the animal. Such errors have been reduced by making the 
paired injections quickly one after the other and taking average values 
of several results. The amount of adenylic acid is thus expressed in terms 
of adenosine. Adenylic acid, judged by the reaction produced by the 
crystalline substance, is weight for weight about two-thirds as active as 
adenosine. The amount of adenylic acid in the various tissues has been 
arrived at by multiplying the adenosine value by §. The results of such 
observations are shown in Table II. 


Tasiz II. Distribution of adenylic acid in various tissues, expressed in 
milligrams per gram of tissue. 


Heart muscle 06, 04, 0-7 ( rabbit) 
Striated muscle 0-5, 048 ( 0-6 (guinea-pig); 0-6, 0-6, 0-65 (dog); 


Liver | 0-5 (rabbit); 0-6 ; 0-45 (sheep 
Lungs 0-09, 0-08 eee it (pig 

Stomach 0:20, 0-24 (rabbi 


Large intestine 0:18 (rabbit) 

Brain (whole) 0-08, 0-12 (rabbit) 
Brain cerebrum 0-15 (rabbit) 
Brain stem Less than 0-03 (rabbit 
Adrenals 


0-06, 08 (rabbit); 0-05 (human) 
glands ee 
0-38, 0: 0:33 


Pancreas 0-27 (sheep) 
Thymus 0-12 (rabbit) 
Ovary 0-3 (dog) 
0:3, 0:3 (dog 
Blood serum Less than 0-02 (rabbit) 
Blood cells Less than 0-03 (rabbit) 
Uterus 0-15 (rabbit) 
Thyroid ‘0-22 (rabbit) 


It is evident that, while adenylic acid is distributed generally deatgh- 
out the body, it is much more plentiful in some tissues than in others. 
Heart muscle and striated muscle contain the most, while skin and lungs 
contain relatively little; the cerebrum is much mes in the substance 


Sori 
ra) 
(a 
a 
4 
> 
: 


Oo 


ADENINE COMPOUNDS. 293 


than the brain stem. The testis and ovary have considerably less than 
muscle, Its distribution is, in general, similar to that found for cozymase 
(Sym, N and v. Euler, 


Skin reactions. 


At the outset it was evident that the reactions were in some sempects? 
similar to those produced by histamine, and it seemed desirable to 
determine whether this was present in the substances under investigation. 
Histamine in dilutions of 1 in 30,000 or even 1 in 100,000 produces wheals 
when it is pricked into the human skin (Harris, 1927]. The reactions 
resulting from pricking the substances in question into the skin enable 
us to determine whether they contain histamine in these concentrations 
in any sample, and at the same time to decide whether they play any 
part in the reaction of skin to injury. The substances tested were dis- 
solved in 0-9 p.c. saline and brought to a pH of 7-4 by sodium bicarbonate. 
Drops of 1 p.c. solution of the substances tested were laid down and 
pricked in with a needle after the manner already described [Lewis, 
= a similar group of saline drops being pricked in as a control in each 

. Negative results were obtained with muscle and yeast adenylic — 
acid and adenosine respectively. In many cases, a small wheal about 
1 mm. in diameter developed with the substances, but wheals of similar 
size developed equally frequently with the saline. All these small wheals 
reached their maximum size and disappeared practically simultaneously 
and are to be ascribed to the injury consequent upon the prick of the 
needle. No difference in the reaction around the seat of puncture could — 
be distinguished between the saline or the substances tested. From these 
observations it is evident that the substances in question do not contain 
histamine (if they contain it at all) in amounts greater than 1 in 100,000 
of the solution tested, and as 1 p.c. solutions were used the amount of 
histamine present is not more than 1/1000th part of the substances by 
weight. In addition they show that adenylic acid does not play any de- 
monstrable part in the reaction of the skin to injury [Lewis and Grant, 
1924]. 
7 Influence upon blood-pressure. 

It has already been reported [Drury and Szent-Gyérgyi, 1929] 
that a fall of blood-pressure occurs when adenosine or muscle adenylic 
acid is introduced intravenously into the intact dog or cat. In order to 
determine whether the action is similar in other animals, these obser- 
vations have been extended, and for a further comparison, yeast adenylic 
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acid! has been tested. Representative blood-pressure curves from the 
rabbit, cat, dog and monkey (Macacus rhesus) are shown in Fig. 1. All 


0-6meg- O-6me: O-6 meg. Tmin. 1 


O-6mg. O-6 mg. O-Gmg- Imin. 


O-3mé: Tmin. 4 


| Wig. L. Influence of adenosine, muscle adenylic acid and yeast adenylic acid upon carotid 


blood-pressure. 1. Rabbit wt.=2 kg., 500 g. ether. 2. Cat wt.=2 kg., 700 g. chlora- 
lose. 3. Dog wt. =9 kg., 300 g. chloralose. 4. Monkey (Macacus rhesus) wt.= 2 kg., 
500 g. ether. Injection into femoral vein, at a, 6, and c, of adenosine, muscle adenylic 
acid and yeast adenylic acid respectively in each experiment. 


We ash to Brot, Rube tor thin The British Drug Houses have 
also prepared it for us. 
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the three substances produce a fall of blood-pressure in the animals tested, 
though the character of the fall with yeast adenylic acid is very different 
from that with muscle adenylic acid or adenosine. With the former 
substance the fall is less abrupt, and the return slower than with both 
the latter, a distinction which holds for all the animals. In the monkey, 
however, the reaction with yeast adenylic acid is not so prolonged 
as it is in the other animals, and is in fact only slightly longer 
than that with muscle adenylic acid and adenosine. When the action 
of adenosine is compared in the different animals, it is seen that it is 
relatively inactive in the cat, being much less active than muscle adenylic 
acid. This can be ascribed to the cat rendering the adenosine inactive so 
quickly that it is unable to exert its full effect, or to the vessels being less 


_ susceptible. That the former explanation is the more likely is suggested by 


experiments upon the perfused coronary vessels of the cat’s heart, in which 
adenosine proves weight for weight a more efficient dilator substance 
than muscle adenylic acid. This difference of reaction in the cat applies 
to adenosine and in less degree to yeast adenylic acid; so far as the 
natural substance is concerned the reaction is similar in all the animals 
tested. The doses necessary to produce a fall of blood-pressure of some 
30 mm. Hg are of the order of 0-15-0-3 mg. per kg., adenosine and 
yeast adenylic acid being excepted in the cat. From these experiments, 
therefore, it is evident that the substances act similarly, but that yeast 
adenylic acid gives rise to a more sustained fall of pressure. 

When these substances are injected into the whole animal, they slow 
the heart rate, as has already been described. Reasons have been given 
why this cannot be accepted as the sole cause of the fall in blood-pressure. 
To finally put any such explanation out of court the hind leg of a dog 
has been perfused with defibrinated blood!, after the manner already 
described [Dale and Schuster, 1928]. In such an experiment the 
injection of any of the three substances into the tubing carrying the 
blood to the leg leads to a fall of blood-pressure, but the activity of 
adenosine is about three times greater than yeast adenylic acid, and six 
times greater than muscle adenylic acid. The dose of adenosine required 
to produce a fall of some 20-30 mm. Hg is of the order of 0-02 mg.; an 
amount which corresponds to that required for the whole animal, if the 
relative weights of limb and total body weight are taken into considera- 
tion. This experiment gives conclusive evidence that the fall in blood- 
pressure in the whole animal must be ascribed in great part to the 
dilatation of arterial vessels. In addition the experiments upon the 

1 We are indebted to Dr Dale for performing this experiment for us. 
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heart show that, even with large doses, there is no weakening of the 
ventricular beat, though the auricular beat is slightly enfeebled [Drury 
and Szent-Gyérgyi, 1929]. With the doses used in the experiments on 
the intact animal, reported in this paper, the fall in blood-pressure can 
be considered as due in great part to the action of the substance upon 
the arterial vessels, as the influence upon the heart rate is very slight. 

It has been shown that the capacity of adenosine to produce heart 
block in the guinea-pig is lost when it is hydrolysed with mineral acids. 
In like manner, the depressor activity is lost. A solution of adenosine 
in 5 p.c. sulphuric acid, containing 50 mg. of adenosine to 1 ¢.c., is heated 
just below boiling point for half an hour. The hydrolysate i is diluted 80 
that 1 c.c. contains 20 mg. of the original adenosine and is neutralized 
by sodium bicarbonate. An intravenous injection of 1 ¢.c. of this hydro- 
lysate has no influence upon the blood-pressure, although, in the same 
rabbit 0-3 of a milligram of adenosine produces a fall of about 30 mm. Hg. 
This shows that adenine in a dose of approximately 10 mg. is without 
effect. Pure adenine base? in doses of 2 and 6 mg. respectively is inactive 
in the rabbit. Inosinic acid is also inactive. The barium salt has been . 
used? and the barium precipitated by a slight excess of sulphuric acid. 
After removing the barium sulphate the solution has been neutralized 
with sodium bicarbonate. Injections of 1-25 and 2-5 mg. respectively 
of the original barium salt have no influence upon the blood-pressure. 
Guanosine® has been tested on several occasions, and it has been con- 
sistently found that it has no depressor activity, till doses,of 10 mg. or 
more are reached, when a slight evanescent fall occurs. Guanine is 
likewise inactive for the hydrolysate from guanosine heated with 5 p.c. 
hydrochloric acid in doses containing 14 mg. of the original guanosine, 
brought to a pH of 7-2 is without effect. 4 (5)-amino-methyl-glyoxaline 
in doses up to 10 mg. is inactive’. The experiments show that the de- 
pressor activity and heart-block producing capacity of the various 
substances run hand in hand [Drury and Szent-Gyérgyi, 1929] and 
suggest that both the effects are associated with deamination. 

The unexpected depressor activity of yeast adenylic acid caused us 
to search the hydrolysates of yeast nucleic acid for other depressor sub- 
stances. Certain observations have been made with hydrolysates pre- 
pared at neutral reaction by heating to 145°C. for 24 hours. After 


1 We are indebted to Prof. Hopkins for this sample. 
* We are indebted to Prof. Embden for this sample. 
* Prepared for us by British Drug Houses, London. 
* We are indebted to Boots Pure Drug Co. for this preparation. 
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filtering off the guanosine, concentrated hydrochloric acid has been 


added to the hydrolysate sufficient to make a 5 p.c. solution, and the 
acid solution has been heated for half an hour just below boiling point. 
By this means the adenosine is hydrolyzed to adenine which has no 
depressor activity. An injection of this hydrolysate, after neutralization, 
brings about a fall of blood-pressure in the atropinized rabbit. The fall 
is not quite so abrupt as with adenosine and the return to the base line 
very delayed, so that the whole reaction is more prolonged than with 
yeast adenylic acid. This finding appears to us of importance because, 
until the identity and chemical constitution of the responsible substance 
are known, it must be unprofitable to consider in detail the chemical 
processes underlying the depressor activity of the substances under 
review. Work is already being undertaken upon the isolation of the 
responsible substance. 


The coronary arteries. 


The rabbit's heart. The influence of adenosine and related substances 
upon the coronary arteries of the perfused rabbit’s heart has already been 
reported [Drury and Wedd, 1930; Rigler and Schauman, 1930; 


Wedd, 1931]. 


The experiments have been extended and of the related substances 
both yeast and thymus nucleic acid are uncertain in their action, some- 
times giving a dilatation with doses of the order of 2 mg., at other times 
having no influence. Inosinic acid prepared from the barium salt usually _ 
produces no change in outflow, though on occasions a dose of 1 mg. has 
led to a momentary slight increase; we are inclined to consider that this 
substance is inactive. 

In the above experiments the substances are quickly washed away, 
and no idea can be formed of the dilution at which the substances will — 
exert their effects if they are being constantly perfused. Adenosine and 
muscle adenylic acid have consequently been added to the perfusion 
fluid in several instances. Adenosine in a dilution of 1 : 10 million will 
often bring about a flow which cannot be increased by the injection of a 
considerable dose of adenosine, but usually a dilution of 1:5 million 
is required to bring about this maximum flow. The concentration of 
muscle adenylic acid required to bring about a similar increase is usually 
between 1:5 million and 1:1 million. Adenylic acid by these tests 
is 2-5 times weaker than adenosine, which agrees with the findings 
obtained from the injection of smal] doses. 

The cat's heart. Owing to the weak action of adenosine on the blood- 
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pressure of the cat, the effect of this substance upon the coronary vessels 
in the perfused cat’s heart has been compared with that of muscle 
adenylic acid. The results agree with those found for the rabbit’s heart, 
namely that weight for weight, adenosine brings about a greater 1 increase 
in outflow than adenylic acid (Fig. 2). | 

The guinea-pig’s heart. The action of adenosine snl adenylic acid in 
small doses upon the rhythm of the intact guinea-pig’s heart is so specific 
that observations have been carried out on the perfused heart, in which 
the coronary outflow and the rhythm have been simultaneously re- 
corded. The injection of adenosine always brings about the same result, 
namely an increase in coronary outflow and heart block. Although with 


Fig. 2. Influence of adenosine and muscle adenylic acid upon coronary outflow from per 
fused cat’s heart. Flow calculated in c.c. per minute from time taken for successive 
2} ¢.c. to flow through. Injection at a and 6 of 0-05 mg. of muscle adenylic acid and 
0-05 mg. of adenosine respectively. 


the same dose the effect varies from animal to animal, it is found in 
general that with doses of 0-01 mg. the heart block is of mild degree, 
while with doses of 0-05 mg. a complete heart block of some 30-60 sec. 
duration is produced (Fig. 8). It appears likely that with doses of the 
above order the simultaneous appearance of these two effects in the 
guinea-pig’s heart, namely increase in coronary outflow and heart block, 
may prove to be a specific test for adenosine and adenylic acid. 
Throughout these observations upon the perfused hearts we have 
consistently noted that a great improvement in the preparation sets in 
when adenosine or adenylic acid is added to the perfusion fluid, especially 
if it is in poor condition. This can be simply explained by the opening up 
of the coronary system and by the greater amount of perfusate flowing 
through the heart. On the other hand, if the volume of the outflow is 


Outflow in c.c. per minute 
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kept unchanged by simultaneously reducing the pressure, the improve- 
ment is still seen. It is still reasonable to conclude that the improvement 
is due to the perfusate reaching parts of the musculature from which, 
by localized constriction, it was previously cut off. At the moment we 
are driven to this conclusion, but are not convinced that the substances 
may not have some other influence upon the heart which, at the present 
time, we are not able to dissociate. 


The intact animal, If a small artery in the ear of a rabbit is examined 
under @ microscope and an intravenous injection of adenosine given, the 
vessel is seen definitely to dilate. The reaction is most clearly observed 
in the vessels whose lumina are about 0-03-0-05 mm., and at the stage 
when the heart is just recovering from its slow rate of beating. When 
doses of 1-0 mg: of adenosine are injected into the femoral vein, the 
dilatation persists for about 1 min., which corresponds roughly with the 
duration of the lowered blood-pressure. The vessel appears to return to 
its original size, but slight differences in the diameter which would make 
a considerable difference to its area cannot be appreciated. 

Perfused rabbit's ear. This is probably the easiest method of demon- 
strating the dilator influence of the substances. The ear was perfused with 
Ringer’s solution by the usual method [Schlossman, 1927]. The in- 
jection of 0-01 mg. of adenosine into the — fluid results in an 
immediate increase in the outflow. 


The lung and kidney vessels. 

In the vessels described dilatation is consistently seen when small 
amounts of the substances are introduced, but, in the case of the lung 
and kidney, no change is seen with small doses, and when the dosage is 
increased. constriction occurs in the lung vessels and constriction as 
often as dilatation in the kidney vessels. 

The pulmonary circulation. One of us has already reported that in 
the dog’s heart-lung preparation, with heart rate and blood-pressure 


maintained constant, the pulmonary pressure rises when adenosine 


is injected [Drury and Szent-Gyérgyi, 1929]. It is impossible to 

decide whether this arises from a constriction of the pulmonary vessels 

or not, as adenosine, at the same time, dilates the coronary vessels. 

This short circuits the blood from the left to the right side of the 

heart, which may account for the observed rise in pulmonary pressure. 

Observations on the perfused vessels of the rabbit’s lung have therefore 
20—2 
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been made. The lung has been perfused at a constant pressure of 
about 20 cm. of H,O through a cannula inserted into the pulmonary 
artery. The outflow from the veins has been collected through a 
cannula tied into the left auricle isolated from the rest of the heart by 
ligatures; the amount being recorded by a tipping bucket. When the 


-lung is perfused the preparation is soon damaged by the onset of pul- 


monary cedema, and we have accepted only the results obtained im- 
mediately after perfusion has commenced. In our experiments, some of 
which have been performed on the isolated lung, others upon the lung 
left in situ, we have constantly recorded a decrease in outflow when 
adenosine has been injected. This has held both for experiments with 
Ringer’s solution, and Ringer’s solution and blood mixed, with and 
without the lungs being regularly inflated and deflated; atropine has 
‘on many occasions been added to the perfusate in amounts of 0-5 o.c. 
of 1 p.c. solution to 1 litre without influencing the result. The dose of 
adenosine necessary to bring about this decrease in outflow has varied 
from animal to animal, and although 0-1 mg. has in one animal definitely 
retarded the outflow, doses of 2-4 mg. are usually required. The effect 
passes off quickly, usually within a minute. The perfusion pressure exerts a 
very definite influence upon the result. If pressures of 40 cm. of water are 
used, the decreased flow will only be seen with very large doses and on 
few occasions, suggesting that the substance has, at the best, a weak 
constrictor action. 

The vessels of the perfused kidney, It is found that the dog’s kidney 
vessels perfused with blood from a heart-lung preparation constrict 
when large doses of adenosine are added to the perfusing blood [Drury 
and Szent-Gyérgyi, 1929]. Several experiments have been made with 
the rabbit’s kidney perfused through the renal artery at pressures of 
30 cm. of H,O with saline to which blood has been added. The condition 
of the vessels has been judged by the outflow from the renal vein. The 
results after injecting adenosine have varied, in some kidneys an in- 


_ crease has been noted, in others a decrease, while some show a decrease 


followed by an increase. The doses necessary to bring about these 
changes are considerable, amounting in most cases to 2-4 mg. intro- 
duced into the tubing close to the cannula inserted into the renal artery. 
The reaction of the kidney vessels is therefore feeble and apparently 
varies from animal to animal. 
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The bronchioles. 


A A T-shaped cannula connected to a respiration pump is inserted into 
: the trachea of a pithed guinea-pig. The thorax is opened and the lung is 
) | intermittently inflated to a moderate and constant degree. If 0-3 mg. 
of adenosine is now introduced intravenously, not only is the disturbance 
of cardiac rhythm clearly seen but also an increased expansion of the 
lungs. The effect can be made much more definite by first injecting a 
dose of histamine sufficient to produce a 
visible decrease in lung expansion. An in- 
jection of adenosine or adenylic acid at 
this stage leads again to an increase in lung 
expansion, indicating that its action is an- 
tagonistic to that of histamine, and that 
| it dilates the bronchi. If a large dose of 
2 histamine is given, adenosine is unable to 
relax the constricted bronchi even if given 

a in considerable doses. A record of the 
dilator action has been obtained using the 

; thorax as a plethysmograph. The chest has 
been transfixed by a wide-bore needle, the 
wall of which has been perforated, so that 
the holes connect with the interior of the 
thorax. One end of the needle has been “a 3. Influence of adenosine 
sealed off and the other connected to a po 
: _ tambour to which the excursions of the pid gunn injection of 0-005 
lung are transmitted. In Fig.3 is shown remectively. 
the influence of an injection of 0-4 mg. of 
| 3 adenosine after the bronchioles had been constricted by an injection 
ie of 0-005 mg. of histamine base’. Immediately following the injection 
E the base line rises slightly, due to the greater diastolic volume of the 
| ventricles which beat very slowly as the result of the heart block, 
while during the height of the reaction there is a fall in base line, to 
be attributed to a change in the shape of the chest. The dilator effect 
| of the adenosine upon the bronchi rapidly passes off, and they again 

| constrict up; they can be reopened by a second injection*. 

1 Solution prepared from ergamine phosphate. 

* Using the preparation of the trachea in the intact cat devised by Florey and Wells 


[1931] an injection of 15 mg. of adenosine into the fomorel vein dilates the trachea which 
has been constricted by pilocarpine. 
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When a guinea-pig, normal or atropinized, into which adenosine or 
adenylic acid has been repeatedly injected is killed, it is consistently 
found that the gall-bladder is extremely distended. This is due to the 
adenosine relaxing the musculature of the gall-bladder as the following — 
observation shows. After ligaturing the common bile duct, a small 
cannula connected to a small-bore glass tube is tied into the gall-bladder. 
The bile which is continuously secreted passes into the glass tube, which 
is set at an angle so that the wall of the gall-bladder is slightly stretched 
by the weight of the column of bile. When the level of the bile is rising 
steadily, 0-4 mg. of adenosine is injected intravenously and the level 
immediately falls for about half a minute to return to its original level 
a little later. This fall is to be ascribed to a relaxation of the wall of the 
gall-bladder. 
_ On the other sd no evidence can be obtained that adenosine 
influences the secretion of bile. To test this a similar experiment is made 
except that a capillary tube calibrated in tenths of a c.c. in a horizontal 
position is connected to the cannula tied into the gall-bladder. The 
amount of bile secreted in each successive half minute is observed before 
. and after the injection of adenosine. No difference can be detected in 
the rate, which is usually about 0-1 c.c. per min. Immediately following 
the injection, the secretion rate is momentarily disturbed, a sudden 
decrease being usually recorded. This is to be explained by the active 
relaxation of walls of the gall-bladder and not necessarily to any decrease 
in the secretion rate. No increase in the secretion rate has been recorded. 


The guinea-pig uterus. 

To test further the influence of the substances upon smooth sisiile, 
experiments have been made with the isolated virgin guinea-pig’s uterus. 
Using the accepted technique, all three substances cause the uterus to con- 
strict. Definite though slight constriction occurs when the concentration 
of adenosine is 1 : 400,000, and this substance is more active than either 
yeast or muscle adenylic acid, for constriction is not usually seen with 
these substances till the concentration reaches 1 : 250,000. Intense con- 
striction is seen with adenosine in concentrations of 1 : 100,000. 3 

The constrictor effect must be ascribed to the substances themselves, 
and not to any associated impurities such as histamine, for it has already 
been shown by the skin reactions that the amount of this substance is 
not more than one-thousandth of the total weight taken. In addition 
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muscle adenylic acid and yeast adenylic acid have a similar potency, and 
it is unlikely that the histamine present should be the same in both these 
preparations. 
ee: The temperature of the animal. 
It has been reported [Thannhauser and Bommes, 1914] that when 


_ subcutaneous injections of adenosine have been made into the human 


subject that a slight rise of temperature occasionally follows. We have 
injected adenosine subcutaneously into guinea-pigs in doses compara- 
tively much higher than those reported for the human subject, but have 
not been able to record a rise of temperature at any subsequent period. 


il | 


Fig. 4. Influence of subcutaneous injection of adenosine upon rectal temperature of the 
guinea-pig. a, injection at J of 2.0. of saline. 6 and c, injection at J of 50 mg. and 
100 mg. of adenosine in 2 c.c. saline. Average of two animals in each instance. Room 


temperature 62° F’. 


In every instance, however, an immediate and considerable fall of tem- 
perature follows the injection, and the normal values are not reached 
again for about 6-8 hours after the injection (Fig. 4). During this period, 
the animal is quiet, its fur is raised, and it shivers slightly; it appears to 
be, in fact, in a state of “shock.” The fall of temperature is perhaps to be 
ascribed to the general vaso-dilatation which, involving the skin vessels, — 
allows a great loss of heat; the heart block which also occurs is so intense 
that the rate of blood flow is probably slowed down. This may also con- 
tribute to the result, but as it persists only for about an hour it can 
only play a small part in the prolonged effect. 


Nucleic acid or its salt sodium nucleinate has been shown to produce 
in the human subject and in dogs and cats an increase in the number of 
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leucocytes circulating in the blood [Neyman, 1917; Fox and Lynch, 
1917], an increase which involves chiefly the polymorphonuclear variety. 
The substances under review are derivatives from nucleic acid, and 
among their several activities have been shown to be vaso-dilator sub- 
stances. A further interest would be added if they were found to play a 
part in leucocytosis. To judge their leucocytic action, they have been 
tested by their capacity to produce a local accumulation of leucocytes, 
and a general leucocytosis. For the local reaction, the substances have 
been instilled into the rabbit’s eye. This method has the advantage that 
not only the leucocytic reaction can be judged but the blood vessels 
can be watched; it avoids, moreover, tissue damage. 

The substances have been dissolved in normal saline and brought, if 
necessary, to a pH of 7-4 by the addition of sodium bicarbonate. They 
have been instilled into the eye generally over a period of 3-4 hours, 
two drops being applied every 10 min. After the last instillation half to 

one hour is allowed to elapse before the eye is examined. Unless this 
period of rest is given, the collecting leucocytes are continually washed 
away, and consequently are missed. In a positive experiment, a small 
yellowish bead collects at the inner canthus. The smears made from 
this show that it consists practically entirely of polymorphonuclear 
leucocytes. Early in the experiment a bead is often to be seen, this 
consists of epithelial cells, and on occasions a few polymorphonuclear 


A large number of such observations have been made, and at first 
consistent results could not be obtained. In these experiments a few 
rabbits were being repeatedly used and instilled. More consistent 
results were obtained when a fresh rabbit was used for each observation, 
but negative results were still met with. Results typical of those usually 
_ obtained are given in the protocols below. 


Ezp. 1, Muscle adenylic acid 10 mg. per c.c. in 0-9 p.c. sterile saline solution brought 
to pH 7-4 with NaHCO,. Right eye instilled every 10 min., two drops, from 9.35 to 12.35. 
_ 10.35. A leash of vessels is easily seen at upper margin of cornea, which was scarcely visible 
at commencement. 11.35. Leash of vessels much more distinct and eye generally more 
injected. 12.45. Slide made of indefinite bead at inner canthus; a few polymorphonuclear 
leucocytes seen. 2.0. Bead more definite. Polymorphonuclear leucocytes found, though 
number not excessive. Left eye instilled with saline as a control, no reaction. 

Exp. 2. Adenosine, 10 mg. per c.c. in 0-9 p.c. sterile saline solution, pH 7-4. Instilled 
every 10 min., two drops, from 9.35 to 12.35. 10.30. Leash of vessels at upper margin of 
cornea distinct, scarcely visible at beginning. 11.30. Eye generally “injected.” 12.40. 
Slide made of indefinite bead, a few polymorphonuclear leucocytes seen. 2.0. Definite 


bead at inner canthus. Smear shows polymorphonuclear leucocytes. Left instilled 
with saline as a control, no reaction. 
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Taste ITI. 

Exp. Substance solution Result 
orale Adenosine 10 mg. per c.c. + 
0 + 
” 10 ” 
one 
0/10/27 
” ” 
+ 
Muscle adenylic acid + 
Yeast adenylic acid 
Guanosine 
0/11/10 + 


In the majority of experiments, therefore (Table III), polymorpho- 
nuclear leucocytes collect when the eye’is instilled every 10 min. over a 
period of 3 hours. With regard to the negative results, it is to be noted 
that the experiment was the shortest that gave a positive result in the 
majority of animals. There is every reason to believe in the negative 
experiments that had the instillation been continued or the strength of 
the solution increased leucocytes would have been found; for the usual 
vessel reactions were seen. 

The general leucocytosis has been tested upon the rabbit. Adenosine 
has been injected subcutaneously, intraperitoneally and intravenously. 
The white cell counts have been made from blood obtained by pricking 
the ear vein. One-tenth of a c.c. of the blood has been diluted with nine- 
tenths of a c.c. of an acetic acid solution containing methyl green, and 
- counts made with the ordinary white cell counting chamber. Blood films 
have been made at the same time. With subcutaneous and intraperitoneal 
injections of adenosine in doses of 50-100 mg. there is usually an initial 
fall in the number of leucocytes circulating (Fig. 5). Within 4-5 hours 
the number is in excess of the normal value, and reaches a maximum 
from the 6th to the 10th hour. This value is usually between 10,000 to 
12,000 per c.mm., at which figure it is maintained for about 15 hours 
longer. Pre-injection values are usually seen at the end of 36-48 hours. 
The increase in the leucocytes involves practically entirely the poly- 
morphonuclear variety. When similar doses of adenosine are injected 
intravenously, there is a very definite leucopenia, the number falling 
from 8500 to 5500, and 7000 to 4500 in two separate experiments. This 
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leucopenia persists for 6-8 hours, and is not followed, so far as our 
experiments show, by a leucocytosis, for at the end of 24 hours normal 
leucocyte counts are found. If any leucocytosis occurs, it is short lived, 
and occurs between the 12th and the 22nd hour, during which period 
we have made no white cell counts’. On three occasions we have made 
white cell counts while adenosine has been instilled into the eye, but 
we have been unable to record any definite change in the number of 
circulating leucocytes. 

Guanosine presents an interesting reaction. After an intraperitoneal 
injection of 100 mg., there is an intense leucopenia, the number falling 
from 7700 to 1000 or 500 per c.mm. About 10 hours later the normal 


11000 


7000} 
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ch Influence of intraperitoneal injection of 50 mg. — 
circulating in the rabbit’s blood. 


counts are ieee: and for the succeeding 24 hours there is a moderate 
leucocytosis, 11,000 white cells per c.mm. being found. _ 

It is apparent, therefore, from the foregoing that adenosine, muscle 
and yeast adenylic acid, and guanosine are capable of producing a local 
accumulation of leucocytes, and that adenosine and guanosine, and pre- 
sumably adenylic acid, if introduced subcutaneously or intraperitoneally, 
lead to a general leucocytosis of moderate degree. 


Adenylic acid and tissue injury. 

Muscle adenylic acid has been shown to be a vaso-dilatant and to 
call forth a local and presumably a general leucocytosis; it could there- 
fore be responsible for some of the reactions grouped under the term 

2 Since these observations have been made, a paper has come to our notice [Doan, 
Zerfas, Warren, and Ames, 1928] in which it is reported that an intravenous in- 


jection of 1-0 g. of adenylic acid into the rabbit produces a definite polymorphonuclear 
leucocytosis. Their results generally are very pertinent to our observations. : 
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‘‘inflammation.”’ It is important in this connection to determine whether 
adenylic acid or an adenylic acid-like substance is liberated when a tissue 
is injured. 

The method employed has been to damage a perfused organ by aa 
ing, and to test the perfusate for adenylic acid by its capacity to produce 
heart block in the guinea-pig. In these experiments a perfused rabbit’s 
heart has been burnt, this organ being chosen as it contains a large 
amount of adenylic acid, and has an abundant arterial supply. The per- 
fusate from this heart has been led immediately to the test heart, the 
guinea-pig’s heart, using the apparatus shown in Fig. 6. In this figure 
the apparatus for perfusing the top heart has been omitted, being of 
the usually accepted type. The perfusate after it leaves the first heart 
is collected in a funnel and led down by means of a very small tube, 
directly to the cannula which is inserted into the guinea-pig’s heart. By 
this means it reaches the second heart before any appreciable intermixing 
can take place. This small tube is surrounded by a wider one which is 
continuous with the cannula at the bottom and opens out to a flat dish 
at the top. Bubbles of air trapped by the perfusate dropping from the 
first heart do not enter the second, as on leaving the small tube close 
to the lower cannula they rise up the wider tube. This wider tube in turn 
is surrounded by a chamber through which water is continually circu- 
lating at 38°C. from a thermostatically controlled tank. A constant 
head of pressure is maintained on the test heart by means of the column 
of perfusate in ty outer tube; this is kept at a constant level in 
the flat dish by continually adding and sucking away extra perfusion 
fluid, its flow being adjusted so that it is sufficient for the needs of the 
second heart. As, however, the perfusion fluid flowing through the 
rabbit’s heart is usually more than sufficient for, and has a slightly 
greater head of pressure than the perfusion fluid in the flat dish, it 
supplies the test heart, the perfusate in the outer'tube being taken only 
when the flow from the first heart is by any means considerably reduced. 
The perfusate from the second heart is collected in a funnel and the out- 
flow measured by a tipping recorder. The heart rhythm is recorded 
electrically. It is essential to keep the second heart in a warm chamber, 
as reduction of flow may result in a change of temperature which 
in itself gives rise to alteration in the heart beat. To burn the rabbit's 
heart, a coil of resistance wire, which can be heated electrically, i is placed 
upon the surface, so that the muscle is actually touched in one or two 
places. In placing this wire care is taken to avoid the larger coronary 
vessels, as closure of these retards the flow through the heart, and pre- 
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vents the washing out of substances produced by injury. It is impossible 
to state the actual temperature to which the muscle is subjected, as the 
perfusate after escaping from the pulmonary artery flows over the heart 
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| at 38°C. 


Fig. 6. Perfusion apparatus (for description see text). 

- and cools the wire, but the wire becomes red hot in the air, and two 
definite burns of approximately 1 cm. long have been produced on the 


surface of the left ventricle. The wire has been heated till a change of 
thythm is seen in the lower heart which has usually been 2-4 min. 
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Many hearts so treated pass quickly into ventricular fibrillation. This, 


in itself, is not responsible for the change of rhythm observed in the 
lower heart, for it is seen when the burnt rabbit’s heart does not fibrillate, 
and is not seen if the unburnt rabbit’s heart is sent into ventricular fibril- 
lation by electrical means. The influence of burning the rabbit’s heart 
upon the coronary flow and heart rhythm of the guinea-pig’s heart has 
been thus tested on many occasions, and the results of such experiments 
are shown in Table IV and a representative experiment charted in Fig. 7. 


IV. 


3 Effect ‘upon 
Duration Effect upon form of 
of Effect upon electrical 
Exp. heating outflow heart rhythm complexes 
0/10/8a 2 min. Decrease Heart block (complete) No 
| returning 2 min. after burn com- change 
to normal menced, Normal rhythm 
3 min. later 
0/10/66 2 min, Decrease Heart block (complete) 7'-wave 
returning 2} min. after burn started. . change 
to normal rhythm 4} min. 
ter 
0/10/6 2 min. Decrease Heart block (2:1)2 min. T-wave 
returning aftercommencement.Nor- change 
| -. to normal mal rhythm 2} min. later. 
Enhanced heart rate prior . 
to heart block 


0/10/21 1$min. Slight No heart block. Sligh T-wave 
decrease enhanced heart rate 
0/10/21  2$min. Initial in- Heart block (2:1)3} min. 7'-wave 
creasethen aftercommencement.Nor- change 
decrease mal rhythm 2} min. later. 


Presta Enhanced heart rate prior 
to no to heart block 


0/10/22 4}min. No Heart block (2:1) 4 min. T-wave 
| change aftercommencement.Nor- change 
3 mal rhythm 3 min. later. 
Enhanced heart rate prior 
to heart block 


_ The most constant result in such experiments is the reduction of the 


coronary flow, and the onset of heart block, which is usually of the grade 
of a 2:1 response. In addition there is on occasions an initial increase 
in coronary flow, a change in the form of the 7-wave and an enhanced 
rate of beating. The T-wave change is such that the original direction 
is reversed, or the amplitude lessened. Adenylic acid and adenosine when 
added to the perfusion fluid always produce heart block and an increase 
in the coronary flow but no change in the T-wave (Fig. 8). So that the 
enhanced heart rate, the 7-wave change, and the decreased flow must 
be ascribed to another substance. Histamine brings about a coronary 
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constriction and an increased rate of beating of the rabbit’s perfused 
heart [Dale and Laidlaw, 1910]. In the perfused guinea-pig’s heart the 
addition of 0-015-0-03 mg. of histamine base usually results in a decrease 
of the coronary outflow, and an enhanced rate of beating of the heart 
(Fig. 8). In some experiments, however, the coronary flow is increased, 


“T” wave change 


H.R. 160 p.m. Dropped beats. 


u.R. 150 p.m. Normal rhythm 
u.R. 80 p.m. 2:1 block 


rning commenced 


Outflow in c.c. per min. 
| | 
Bu 
topped 


H.R. 150 p.m. Normal rhythm 


154 p.m. Normal rhythm 
H.R. 184 p.m. Normal rhythm 
H.R. 180 p.m. Normal rhythm 


u.R. 90 p.m. 2:1 block 
u.R. 70 p.m. 2:1 block 


80 p.m. 2:1 block 
H.R. 160 p.m. Normal rhythm 


6 


| 
8 minutes —— 


Fig. 7. Influence upon coronary outflow and heart rhythm of a guinea-pig’s 
heart, of a perfusate from a rabbit’s heart subjected to burning. | 


to be ascribed perhaps to the higher rate of beating of the heart with its 
consequent increased massaging effect upon the coronary vessels over- 
balancing the constrictor effect of the histamine upon the vessels. In 
others again there is an initial increase in flow followed by a decrease, 
the increase usually corresponding with enhanced beating of the heart. 
The 7'-wave always undergoes a change in the sense that the original 
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amplitude is decreased or the direction completely inverted. Histamine 
is therefore capable of producing the changes seen in the coronary 
outflow, the rate of beating and in the form of the T-wave. Finally 
experiments have been made in which mixtures of adenosine and hista- 
mine have been added to the perfusion fluid of a guinea-pig’s heart, and 
it has been found that histamine, though it does not materially 
influence the. degree of heart block produced by the adenosine, exerts 
its constrictor effect upon the vessels, brings about an enhanced rate 


Heart rate 


increased from 


} 
150 to 180 per min. 


| 


*“'T” wave change 
wave change 


| 
| 


: 


3 
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increase of heart rate at end 


| 


<—— 0-01 mg. histamine 


0-2 mg. adenosine 


mine. 
Fig. 8. Influence of adenosine, histamine, and both substances combined upon the 
coronary outflow and heart rhythm of a perfused guinea-pig’s heart. 


of beating which sets in either before or after the heart block, and 
changes the direction of the T-wave (Fig. 8). The chart of the experiment 
with histamine and adenosine combined compares so closely with that 
of a guinea-pig’s heart receiving the perfusate from a burnt rabbit’s 
heart, that it would appear that these two substances are mainly re- 
sponsible. On the other hand in some experiments in which mixtures of 
histamine and adenosine have been tested, a definite increase in coronary 
outflow has been alone recorded, associated with the usual change in 
heart rhythm. This effect has never been witnessed when the rabbit’s 
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heart is burnt, a constriction always being recorded at some stage of the 
experiment and on occasions being very pronounced. This is suggestive 
that some other substance or substances of a constrictor nature may also 
be liberated, such as the non-specific pressor substance of Collip — 
[1928]. 

The intact animal. 

If the evidence afforded by the perfused organ is correct, saiaiay 
that damage to a tissue results in the release of adenylic acid, or a sub- 
stance with adenylic acid-like properties, then extensive damage to the 
tissues of an intact guinea-pig might be expected to produce heart block 
in the animal itself. There are certain features, however, which render 
this result improbable. The body tissues are able to render the substance 
inactive rapidly, and a high concentration of the substance, probably of 
the order of 1: 500,000, is required to produce a definite heart block?. 
The substance therefore must be liberated quickly and in quantity, a 
slow though steady outpouring being dealt with so that it may be unable 
to reach the concentration necessary to produce a change in heart 
rhythm. We have consistently found that if a guinea-pig (deeply 
ansesthetized with urethane and ether) is severely burnt, it will, within 
20-30 min., develop heart block, which steadily increases in intensity, 
till the ventricles and finally the auricles cease to beat. The heart 
block is not due to an effect upon respiration, for the events occur in 
the artificially respired animal. This heart block may be due to the 
liberation of a substance like adenylic acid, but the guinea-pig dying 
from various causes (such as severe hemorrhage) develops heart block, 
which confuses the tissue. : 

In addition we have tried to obtain evidence that an adenylic acid- 
like substance is circulating in the blood of an anesthetized guinea-pig 
in excess of normal after burning, by testing the duration of the heart 
block produced by identical injections of adenosine before and at varying 
periods after the damage. In some experiments the duration has been 
consistently longer after burning, and has been reduced when the damaged 
area is put completely out of circulation. In other experiments no 
change has been recorded. In the positive experiments, however, the 
change in duration has been small, falling within the limits of experi- 
mental error, and we do not feel that our series has been extensive 
enough to draw any definite conclusions. In another series we have 

* Experiments upon the perfused guinea-pig’s heart show that high grade heart 


500,000. 


= 
A 
Na 
uy 
tom 
=H 
t 
ind] 
“ig 
‘ 
4 
vai 
‘a 
Sel 
if 
id 
a 
A 
tae 
x 
4 
a 
- 
ie 
> 
= 
g 
A 
* 
wy 
¥ 


ADENINE COMPOUNDS. 313 
opened the thorax of artificially respired guinea-pigs (anesthetized with 


“urethane and ether) and have placed threads around the superior and 


inferior ven cave respectively. With the inferior vena cava closed the 
abdominal muscles or the liver are burnt. At varying intervals after 
the damage, the inferior vena cava has been opened and the superior 
vena cava closed, the heart receiving its blood from the damaged region 
only; 1 min. later the superior vena cava has been reopened and the 
inferior vena cava closed. Within 15-30 min. the animal when it is — 
receiving blood from the damaged region exhibits heart block which is — 
expressed either by lengthened P-R intervals or dropped beats of the 


_ ventricle, which can be wholly or partially abolished by supplying the 


heart with blood from the upper part of the body and cutting off the 
supply from the damaged region. In control animals, however, in which 
no damage has been inflicted by burning, a similar series of events is 
seen though it appears to take a longer time to develop. In these control 
experiments it can be accepted that the closure of the inferior vena cava 
must inevitably lead to damage of the tissues supplied by the arrest of 
the circulation, which may be sufficient for the liberation of adenylic 
acid. Though the interpretation of these experiments upon the intact 
animal is not very clear, the definite results obtained from the perfused 
rabbit’s heart suggest that a substance like adenylic acid is released 
from — tissues in the intact animal. 
Some general considerations. | 

The various influences of adenosine and muscle adenylic eid upon 
the many and different organs reported in this paper give further support 
to the conclusion already arrived at, namely that adenosine has identical 
biological activities to muscle adenylic acid, a conclusion of practical 
importance. They show in addition, that the failure to produce heart 
block in the guinea-pig cannot be accepted as a measure of biological 
inactivity, for yeast adenylic acid is in many respects as active as muscle 
adenylic acid, yet judged by its capacity to produce heart block it 
is about forty times weaker. In addition, though guanosine has still 
proved to be inactive in most experiments under consideration, it is an 
active substance in producing leucocytosis. 

Though it may still reasonably be supposed that the substances i in 
question exert their biological activity by the “ process of deamination,” it 
is no longer possible to consider the ease with which they are deaminated 
as the important factor, for yeast adenylic acid which is deaminated with 
difficulty [Schmidt, 1928] is in some respects more active than adenosine. 
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It is true that the conditions under which the deamination of these 
substances has been studied is artificial, and that the results cannot be 
carried over to the whole animal without question. On the other hand, 
the effect upon blood-pressure produced by yeast adenylic acid suggests, 
by its duration, that the body has difficulty in rendering it inactive. 
The fact that substances so different in their capacity to produce heart — 
block have other similar biological activities suggests at first sight that 
the underlying chemical event cannot be the same. On the other hand, 
the heart-block reaction may require a certain high concentration of 
“deamination” products which can only be obtained with small doses 
of substances which are easily deaminated. With substances which 
are deaminated with difficulty this high concentration of deamination 
products might only be reached with large doses; the effect should 
in such circumstances be prolonged. This.conception is supported 
by the heart-block reactions of yeast adenylic acid which is inactive 
till a high dosage is reached when a prolonged effect is observed. 
Wedd [1931], finding that yeast and muscle adenylic acid act similarly 
on the perfused coronary arteries of the rabbit’s heart and that full 
dilatation can be obtained with adenosine, yeast and muscle adenylic 
acid without any change in heart rate, is inclined to the view that 
two different mechanisms are involved in these two reactions. It 
seems to us that the difference may be explained as suggested above, 
_ by a much higher concentration of “deamination” products being re- 
quired to bring about the cardiac effect. There is still good reason in 
dealing with small dosages to associate the heart block with actual ease 
of deamination. With regard to the leucocytosis, the activity of guano- 
sine, a substance otherwise inactive as far as our experiments go, must 
come into consideration in dealing with the chemical events underlying 
the activity of these substances. At the moment we still feel that the 
activities of the substances are associated with the chemical events 
underlying deamination, but until further light is thrown upon the 
depressor substance or substances present in yeast nucleic acid hydroly- 
sates, which are other than adenylic acid or adenosine, it seems unprofit- 
able to consider further the mode of action. 

_ Although no definite attempt has been made to discover where the 
substances are inactivated in the whole animal, we have evidence 
that it occurs in the liver, for an injection into the splenic vein has 
an effect in the cat considerably smaller than an identical injection 
into the femoral vein. In addition we think that it occurs also in 
the lungs. In the intact cat, adenosine is a much less active depressor 
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substance than adenylic acid, yet on the perfused coronaries of the cat’s 
heart adenosine is the better dilator substance. In the experiments upon 
the intact animal the adenosine has been injected into the femoral vein, 
and has therefore to pass through the lungs before it can reach the 
arterial system on which it exerts its main depressor effect. It can be 
shown that it is not inactivated by whole cat’s blood (or guinea-pig’s 
serum) by mixing known amounts of adenosine with either cat’s blood 
rendered incoagulable by hirudin or with guinea-pig’s serum and keeping 
the mixtures in a water bath at 37° C. The activity of 0-1 mg. of adeno- 
sine remains practically unchanged even if it is in contact with 0-5 .c. 
of cat’s blood or guinea-pig’s serum for 10 min. at 37° C., in this respect 
differing entirely from the substance described by Frey [Kraut, Frey 
and Bauer, 1928]. On the other hand the juice expressed from the cat’s 
lung quickly renders adenosine inactive. For instance if 0-1 mg. of 
adenosine in 0:1 c.c. of saline is taken up in a syringe with 0-1 c.c. of 
expressed lung juice and 0-8 c.c. saline at room temperature added, no 
activity can be found after 60 sec. upon injecting it into a guinea-pig, 
though 0-1 mg. of adenosine alone produces a heart block of 14 sec. 
duration. The inactivation is therefore rapid, and it can be shown that 
the lung juice inactivates the adenosine much more rapidly than muscle 
juice from the same animal. To two samples of 5 mg. of adenosine in 
2 ¢.c. of saline 0-2 c.c. of lung and muscle extract respectively are added. 
_ These are incubated for 15 min. at 37°C. At the end of this period it is 
found that whereas only about 25 p.c. of the adenosine has been rendered 
inactive by the muscle juice, about 90 p.c. has been so rendered by the 
lung extract. Though we have only evidence that the lung, liver, and 
muscle inactivates adenosine, if deamination underlies the change many 
other tissues must be considered [Jones, 1920]. 

During our investigations we have found that barium introduced 
into the guinea-pig renders it less susceptible to the influence of adeno- 
sine, but we have been unable to detect that the rate of inactivation of 
adenosine by muscle juice is in any way influenced by the addition of 
varying amounts of barium chloride. It would appear therefore that the 
difference seen after barium injections must be due to the “‘sensitivity” 
of the heart to block being reduced in some such way as it is by raising 
the animal’s temperature [Drury and Szent-Gyérgyi, 1929]. 

Of the known vaso-depressor substances the nitrites give reactions 
very similar to adenosine. In fact with the exception that heart block is 
not produced in the guinea-pig by sodium nitrite in doses of 10 mg., and 
that oxyhemoglobin is not reduced to methemoglobin by adenosine the 
21—2 
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parallelism i is extremely close, as Table V shows. The similarity of action 
was — emphasized in our experiments on the perfused kidney, 


V. 
Adenosine Nitrite 
Blood-pressure Fall Fall 
Coronary Dilate Dilate [Bodo, 1927] 
odo, 
Ear Dilate 
Lung Constrict pore [Macht, 1914, and own obser- 
Kidney Constrict ordilate | Constrict or dilate [own observations] 
Heart rhythm Heart block No effect (guinea-pig) [own observa- 
(guinea-pig) tions} 
Intestine Relaxes Relaxes (Hirschfelder, 1915] 
Gall-bladder Relaxes — Relaxes [Lieb and McWhorter, 1915] 
Bronchioles Relaxes Relaxes (Titone, 1914) 
Uterus Constricts Constricts [own observations] 
Respiration Increased | eo {Mayer and Frederick, 
Blood None M 


for adenosine in some animals constricted and in others dilated the 
vessels, but whichever effect was produced by adenosine, was always 
reproduced by amy] nitrite. The similar action of these two substances 
would suggest that they may both exert their biological effects in the 
same manner. Unfortunately there is no unanimity of opinion about the 
mode of action of the nitrites. Many observers state that nitrites act in 
a depressant manner upon all smooth muscle [Cash and Dunstan, 
1891]; Macht [1914], finding that they constrict strips from the pul- 
monary artery, assumes that they act through nerve terminals, and that 
though they have a special affinity for dilator nerve terminals they also 
attack pressor terminals and the constriction is due to the latter being 
in great preponderance in the pulmonary artery. 

Our observations upon the vessels of the lung, kidney and the uterus, 
in which we find that amyl nitrite gives constrictor effects, is against. 
the conception that they are simple smooth muscle depressants. If we 
accept Macht’s conclusions, we may perhaps think that the adenylic 
acids and adenosine exert their effects upon blood vessels through both 
vaso-constrictor and vaso-dilator nerve endings, and that the result 
obtained depends upon which group predominates. For this view we 
have no evidence from our experiments. In respect of the heart, nitrites 
do not produce heart block in the guinea-pig, so there is no need to 
consider that a nerve stimulation may be the cause. But it is of interest 
that the general and detailed findings in the dog’s heart after the in- 
jection of adenosine [Drury and Szent-Gydrgyi, 1929], namely, the 
—— the enfeebled auricular action with its reduced refractory 
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period, and the absence of effect upon the ventricle, fit precisely with 
those found during moderate stimulation of the vagus nerve. The only 
difficulty is that full atropinization does not abolish the influence of adeno- 
sine, although in many cases it certainly renders it slightly less intense. 
We are driven to the conclusion that if it acts upon the vagus nerves it — 
must act mainly at some point distant to that at which atropine exerts 
its influence. From the chemical side, we gain no help from the similar 
action of these two groups of substances, for except in the reactions due 
to the reducing capacity of nitrites there is no suggestion as to the mode 
of action of these substances. It is possible that nitrites exert their 
effects by accentuating the deamination of adenylic acid in the body 
tissues, but 1 vitro we find that the pure substances have no influence 
upon one another. 

It would be impossible to attempt to review the whole question of 
the depressor activity of simple tissue extracts and to assign the part 
played, if any, by adenylic acid in the recorded reactions. It is desirable; 
on the other hand, that it should be appreciated that in simple tissue 
extracts, adenylic acid will be present in amounts which will vary with 
the tissue from which the extract is made. As far as the relative amounts 
of histamine and adenylic acid are concerned, it would seem from their 
distribution in the tissues [Dale, 1929 and this paper] that the amounts 
would be in some cases in inverse proportion. In many reactions these 
substances are antagonistic (heart rate, bronchioles, intestinal move- 
ments), in others they are adjuvant (fall of blood-pressure, uterus). It is 
in these latter that special interest may arise. The fall of blood-pressure 
by histamine is the resultant of a strong peripheral dilator effect and a 
weak less peripheral constrictor effect [Dale and Richards, 1918]. 
Adenosine dilates the arterioles. The influence of a mixture of histamine 
and adenosine upon the blood-pressure has not yet been worked out. 
It may prove to be similar to that already recorded for mixtures of 
acetyl-choline and histamine [Best, Dale, Dudley and Thorpe, 1926], 
but in the atropinized rabbit anesthetized with urethane we find that a 
mixture of 0-005 mg. histamine base and 0-4 mg. of adenosine gives a 
fall of blood-pressure which, though not so great as, is more prolonged 
than that given by the adenosine alone, while the histamine alone gives 
an indefinite pressor effect. 

If a liver extract such as “Heparmone”? i is taken, an extract which 
has been used to reduce morbidly high arterial pressure [Major, 1925, 
1926], it can be shown by the skin reactions to contain enema 


1 Made by Mesare Eli Lilly Co, and supplied to us by Mesars Allen and Hanbury.’ - 


¢ 
| 
| 
| 
a 
| 
} 
| a 
= 
| 
BY 
“al 
ae 


$18 D. W. BENNET AND A. N. DRURY. 


[Burnett, 1926], an observation we have confirmed. In addition, heart 
block is produced when it is injected into an atropinized guinea-pig, 
corresponding to about 0-4 mg. of adenylic acid in 1 ¢.c. of the extract. 
Its effect upon blood-pressure of the atropinized rabbit is more prolonged 
than would be expected from the adenylic acid present and may be © 
brought about by either the histamine and adenylic acid combined or 
by other depressor substances which have recently been noted in tissue 
extracts [Frey, Kraut and Schultz, 1930; Gaddum and Euler, 1931). 
It is impossible at the moment to say whether the substance, as yet 
unidentified, noted by us in hydrolysates from yeast nucleic acid which — 
has a prolonged depressor activity in the rabbit is a constituent of such 
extracts or not. 

Adenylic acid gives rise to vaso-dilatation and a leucocytosis; it is 
liberated from injured tissues. Its possible association with the reactions 
underlying “inflammation” must come into question. Investigations 
' have already been made upon the substances released by injury to human 
skin, and Lewis and Grant [1924] have come to the conclusion that a 
histamine-like substance is liberated locally, as the reactions can be 
reproduced by histamine. In addition, Lewis and Harmer [1927] have 
shown that in subjects whose skin is prone to injury a histamine-like 
substance is liberated into the blood stream when the skin is stroked, an 
observation which has received support from the work of Kalk [1929] 
who finds that acid gastric juice is secreted when the skin of such subjects 
is similarly treated. We cannot show that adenylic acid plays any de- 
monstrable part in the reaction of the skin to injury’, and as the amount 
of adenylic present in skin is very small it is probable that any dilator 
influence will be masked by the more energetic reaction of the released 
histamine-like substance. On the other hand, Grant [1928] has been 
unable to show that histamine calls forth either a local or general 
leucocytosis, though Wolf [1921, 1923] obtained some positive results. 
It is doubtful therefore if histamine is capable of reproducing this 
reaction of tissue injury. We have shown that a substance resembling 
histamine and one resembling adenylic acid are liberated simultaneously 
when a tissue is injured; the latter substance may help in the local 
vaso-dilatation and be the cause of the local accumulation of leuco- 
cytes and the general leucocytosis, in which it may receive help from 
guanosine and other substances. Although the amount of adenylic 
acid in skin is small compared to that of histamine, in muscle the 


? In blister fluid no adenylic acid can be demonstrated by injecting 1 ¢.c, into a guinea- 
pig in which 0-02 mg. of adenosine will give a heart block of 7 sec, duration. 
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relation is completely reversed, and we would expect a more definite 
leucocytic reaction from the damage of muscle than from damage of an 
equal weight of skin. Although these two substances in combination may 
be able to reproduce most of the reactions seen in inflammation, it would 
be idle to think that they are the only substances concerned or even the 
most important. Tissue injury must result in the liberation of a whole 
group of substances, the importance of which cannot be appreciated till 
the various constituents are isolated and the —— of inflam- 
mation is more clearly understood. 

We have no definite evidence that adenylic acid is concerned in 
“traumatic shock,’”’ though, liberated as it is from injured tissues, it may 
justifiably be considered in this connection. The conception that “‘trau- 


matic shock” is due to the liberation of histamine is supported by many 


experimental observations [Dale and Laidlaw, 1918], and the part 
played by adenylic acid cannot be considered until experiments have 
been undertaken. It is of interest, however, that “traumatic shock” 
seen during the war was especially severe in wounds involving muscular 
tissue, a tissue rich in adenylic acid (Med. Res. Counc. Rep. 1916). 


SuMMARY. 


1. The biological reactions observed with adenylic acid isolated from 
heart muscle can be reproduced by adenosine, obtained from yeast 
nucleic acid. 

2. Adenylic acid f is a constituent of very many tissues, being in 
greatest amount in striated and heart muscle. 

3. The blood-pressure of the rabbit, cat, dog and monkey is lowered 
by adenosine, muscle and yeast adenylic acid respectively. Yeast 
adenylic acid produces a more prolonged fall than either adenosine or 
muscle adenylic acid. 

4. Adenosine dilates the arterioles in the intact rabbit’s ear. The 
outflow from the perfused rabbit’s ear, and heart, is greatly increased 
by adenosine, muscle and yeast adenylic acid. 

5. Adenosine constricts the vessels of the perfused rabbit’s lung and 
constricts as often as it dilates the vessels of the perfused kidney. 

6. Adenosine, muscle and yeast adenylic acid cause the isolated 
Virgin guinea-pig’s uterus to constrict. ) 

7, Adenosine, muscle and yeast adenylic acid and guanosine lead to 
@ local accumulation of leucocytes when they are instilled into the 
rabbit’s eye. Adenosine and guanosine when introduced subcutaneously 
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or intraperitoneally into the rabbit, give rise to a general leucocytosis 
of moderate degree. 

8. When a perfused rabbit’s heart is burnt, adenylic acid, or a sub- 
stance resembling it, can be detected in the perfusate; a substance 
resembling histamine is also liberated simultaneously. 
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AGE CHANGES IN THE PERMEABILITY OF 
DOG’S ENAMEL. 


By E. W. FISH. 


(From the Hale Research Laboratory of the Royal Dental Hospital 
of London.) 


In an earlier series of experiments Fish [1927] showed that dyes placed 
in the pulp chamber of a dog’s tooth diffused across the dentine into the 
- enamel and could be observed in the prism sheaths by preparing ground 
sections of the enamel in a plane perpendicular to the long axis of the 
prisms. The interprismatic substance and the prisms themselves were 
found to be entirely devoid of dye and appeared quite impermeable. 

Human enamel was found to be slightly permeable to dyes entering 
it from the dentine [Fish, 1928], but not to the same extent as dog’s 
enamel. 

In these earlier experiments there was no evidence that the dye 
passed out into the saliva at the surface of the enamel, The present 
series, however, shows that there is a fluid path right through the 
enamel from the mouth to the dentine in young dogs. It is further 
shown that in older dogs the enamel loses its permeability and this 
fluid path no longer exists. 

Working independently Laidlaw [1931] has demonstrated the per- 
meability of young dog’s enamel by applying the method of kataphoresis. 

Sprawson [1930] showed that the tubular enamel of Marsupials was 
permeable to dyes from the dentine. 


METHOD. 


In order to demonstrate the permeability of young dog’s enamel, 
two types of experiments have been used. In one the dye is placed in 
the pulp, in the other on the surface of the enamel. Either method may 
be employed on the anesthetized live dog or upon fresh post-mortem 
material. 

(i) A small hole is drilled through the dentine at the neck of the 
tooth to expose the pulp, A trace of solid methyl blue is carried into 
this hole, and moistened with water, then with a sharp probe it is teased. 
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into the pulp tissue. The hole is closed with cement. In the case of 
living dogs the animal is kept under morphia for twenty-four hours and 
then killed. Post-mortem material may have to be left longer before the 
dye will have diffused into the enamel, but should be formalized to pre- 
vent decomposition which would disintegrate the dye. When the enamel 
has been permeated by the dye it turns dark blue and resembles Bristol 
glass. Sections may then be prepared by grinding in the usual way. — 
(ii) In order to keep the dye in contact with the enamel surface in a 
dog a small pledget of cotton-wool is moistened in water dipped in the 
solid dye and placed on the tooth surface. A dome-shaped metal cap 
7 is now placed over this and cemented in place. If a live dog is used it 
is kept under morphia for twenty-four hours to prevent it from dis- 
turbing the cap, and then killed. Where post-mortem material is used — 
the caps are applied in the same way, and then the jaws are wrapped 
in wool soaked in saline and placed in the incubator for twenty-four 
hours. At the end of that time the caps are removed, the teeth washed, 
and ground sections are prepared. In this case also, where the dye has — 
entered the enamel, it will have the typical “Bristol glass” appearance. 


REsULTs. 


These experiments are carried out on dogs of different ages. It is 
not easy to be sure of the approximate age of experimental dogs before 
operation, but after the animal has been killed the results can be checked 
because the diameter of the pulp canal in the canines is diminished as 
the dog gets older. In a large dog eight months old the pulp canal at 
its widest point may measure 10-0 mm. across, and the dentine will be 
only 0-5 mm. thick. In an old dog of similar size the pulp canal will only 
be 1-0 mm. in diameter and the dentine 5-0 mm. thick. It is convenient — 
to perform the first experiment on the teeth of one side of the mouth and 
the second on the teeth of the other side. 

(i) Result of placing dye in the pulp. It is found that when the dye has 
been successfully placed in the pulp it always enters the enamel irre- 
spective of the age of the dog, but in young dogs it enters the enamel far 
more freely and deeply than it does in older dogs. In very young dogs _ 
the dye can be seen in sections of the enamel to reach the actual cuticle — 
all round the tooth at the point where the dye was introduced, while in 
very old dogs it is only present in patches, and then only reaches from 
one to two-thirds of the way across the enamel. 

It is found that increasing the time allowed for diffusion beaond 
_ twenty-four hours for a living dog, or a vr for post-mortem prepara- 
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tions, does not materially increase the amount of dye which enters the 
enamel. It may, therefore, be assumed that the enamel of the older 
dogs is not so permeable as that of the young ones, and that the perme- 
ability is especially reduced in the surface layers of the enamel. Trans- 
verse sections of the prisms show that the dye is — to the prism 
sheaths in both cases. 

(ii) Result of placing dye on the surface of the enamel. By selecting 
dogs of different ages it is possible to get a series of graduated results 
varying from penetration of the dye right through the enamel into the 
dentine in very young dogs to apparent absence of any penetration at 
all in old dogs. 

In the young animal on removal of the cap a patch of deeply stained 
enamel is seen which on section shows the dye in the prism sheaths 
throughout the whole thickness of the enamel and well into the dentine. 
An older dog in which the pulp chamber is perhaps half the size of the 
eight-months animal will show definite penetration in some of the teeth 
and hardly any in others, while an old dog with the small 1-0 mm. pulp 
chamber generally shows no penetration at all. 

Seventeen dogs of varying ages were investigated-and 132 of their 
teeth had dye placed on the surface of the enamel. By examining the 
size of the pulp chambers it was subsequently possible to divide them 
into three groups: young, where the pulp chamber was very large; old, 
where it was reduced to its final size, and an intermediate group between 
the two. The permeability of the enamel in the three groups may be 
described as good, where the dye penetrates the enamel and enters the 
dentine; nil, where it has not left any stain even on the surface of the 
enamel, and again, an intermediate group where the enamel surface is 
tinged with a trace of colour which will not wash off. 


Penetration 
No. of No. of A 
dogs teeth Good Traces Nil 
Young 5 50 42 8 _ 
Intermediate 6 31 4 17 10 
Old 6 51 — 6 45 


_ Inthe last two of the old dogs, dye was placed in the pulps of some of 
the teeth and on the surface of the enamel in others. Where it had been 
placed in the pulp the dye crossed the dentine and entered the deeper - 
layers of the enamel, but in the latter group of teeth where it was placed 
on the surface of the enamel it did not penetrate at all. The change which 
renders the enamel impermeable — starts at the surface and 


spreads inwards. 
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One of the young dogs was kept alive for three months after the dye 
had entered the enamel from the.surface. At the end of ten days there 
was no appreciable change. After three weeks some of the teeth were 
losing the dye, sie oe were ws faint traces in one toota after three 
months. 


DISCUSSION. 


‘Two main are displayed in experiments The first 
is that young dog’s enamel is permeable to molecules the size of methyl 
blue, that is to say, there is a free fluid path across it from mouth to 
dentine. The second is that as the animal’s age increases some change 
takes place in the enamel which modifies, if it does not completely 
interrupt, this fluid path and that the change — place chiefly in the 
surface layers of the enamel. 

The fact that the dye only traverses the prism sheaths suggests that 
such organic material as the enamel contains is confined to these structures, 
and as they are extremely delicate and attenuated, this view accords with 
the low estimation of organic material in the tissue. 

The existence of a fluid path across the enamel indicates that the 
enamel in a young dog is irrigated not only by tissue fluid from the pulp 
and dentine, but also by water and certain dissolved substances from 
the saliva. It is necessary to consider these two points separately. | 

(a) The passage of tissue fluids from the pulp into the enamel. Since 
the enamel is an epithelial tissue, the organic material it contains might 
be expected to resemble the proteins of the keratin group, and the 

behaviour of the enamel in the experiments just described can best be 
explained by assuming that the prism sheaths are composed of such 
material. The tendency of this group of proteins to degenerate into a 
horny material as they recede from their source of nourishment and 
become senile is exactly the type of change which appears to occur in 
the prism sheath with advancing age, and it occurs at the surface of the 
enamel which is farthest from the tissue fluids of the dentine. 

This view of the organic content of enamel explains the change from 
a permeable structure to an impermeable one in the simplest possible 


_ way, without necessitating any elaborate cell mechanism which is 


obviously non-existent. 

The only other explanation of these age changes which can be sug- 
gested is that the enamel of a young dog is not fully calcified, but that 
it becomes so during the first few years of life. It seems, however, 
extremely unlikely that such a highly specialized metabolic change as 
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the calcification of enamel can continue, not only after the death and 
loss of the ameloblasts, but in the absence of any cell whatever, and in 
the presence of water and possibly noxious substances from the saliva. 
Moreover, apart from this theoretical objection, if a ground section of 
enamel be decalcified on the stage of the microscope with 5 p.c. nitric 
acid traces of insoluble matter become detached and float away as the 
salts dissolve. This insoluble residue sometimes remains attached and 
appears as a shrunken replica of the enamel prisms, as though, in fact, 
the sheaths were still there, but the prisms had dissolved away. The 
significant point is that this residue is observed whether the tooth is 
young or old, permeable or impermeable, so that whatever the permeable 
organic material is its insolubility in acid is not affected by the age change 
which renders it impermeable, as would be Gs case if that change were 
one of conversion into lime salts. 

(6) The passage of water and soluble substances into the enamel from the 
saliva. It is difficult to discuss this side of the phenomenon of permea- 
bility without further experimental evidence of the type of substance 
which can gain access to the dentine across the enamel. Any definitely 
toxic material entering the dentine would produce hypercalcification 
or even tend to kill the contents of the dentinal tubules. If this occurred — 
it would have a serious effect on the pulp, the extent of which would 
depend upon the capacity of that organ to wall off the irritant by secon- 
dary dentine [Fish, 1931]. Since, however, no reaction of this kind is 
normally observed in the young dog’s tooth it is reasonable to assume | 
that the enamel is only permeable to the molecules of certain innocuous 
substances, perhaps on account of — small size, and that methyl 
blue is one of these. 

The fact that dye remains in the oa once it has entered it, for 
weeks or even months, shows that the fluid path is not a very free one. 


SuMMARY. 


1. There is a fluid path from the mouth to the dentine across the 
enamel in young dogs, which is permeable to the methyl blue mole- 
cule 


2. In older dogs this path does not appear to exist, since no dye can 
then be observed to enter the enamel from the surface, although it still 
can be made to do so from the dentine. 

3. This age change in the permeability of dog’s enamel occurs, 
therefore, chiefly in the surface layers of the enamel. 
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4. The dye traverses the prism sheaths and not the prism or the 
interprismatic substance in its course across the enamel. 

5. The age change in the enamel may be. a process of more complete 
keratinization of the epithelial proteins of the prism sheath. 

6. Dye having entered the enamel tends to remain there for several 
months before being completely washed out. 


The author is indebted to the Medical Research Council for a grant towards the 
expenses of this investigation. 
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STUDIES ON THE PHYSIOLOGY OF PROTEIN 
RETENTION. 


By H. ELLIS 0. WILSON, 
(From the Institute of Physiology, Glasgow University.) 


THE question of protein retention is one of considerable interest and 
practical importance; for while the storage of subcutaneous fat may be 
looked upon as a more or less inert reserve the storage of protein brings 
other issues to the fore. In the first place it may be asked whether there 
is @ retention in the form of active metabolic tissue or whether there 
exists an inert deposit protein capable of being drawn upon like glycogen 
and body fat. There seems to be a fairly general agreement that even if 
the body stores protein it does so in limited amount. 

It has long been known from the work of V oit [1881] that increasing 


ee nitrogen intake leads to an increase in the output until within a few 


days equilibrium is established. Voit [1881] on the basis of his experi- 
ments held that there were two types of protein in the organism, namely, 
circulating protein and organized protein. The first is supposed to be 
built up directly from the food and is relatively labile in that it is broken 
down quickly in the first few days of starvation. According to this 
conception food protein does not first become converted into organized 
living tissue before utilization. Liebig [1870] held that all food protein 
became organized into living tissue before being metabolized. Pfliger 
[1893] vigorously maintained this point of view by stating that all food 
protein first became an integral part of the living cell before being 
metabolized. He repudiated the conception of a circulating protein, as 
this tended to imply that it was metabolized in the blood. Pfliiger 
[1875] was definitely convinced that all metabolism took place in the 
cell, It should, however, be pointed out that the words “become an 
integral part of the living cell” are open to a variable interpretation. 
Cell life exists only if all the necessary constituents are present, and it 
is probable that any constituents, whether they are inorganic ions or 
complex nucleins, are equally important integral parts of the cell. 

The fundamental difference between the views of Voit [1881] and 
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Pfliiger [1893] lies in the fact that Voit believed the organism to be 
essentially static, metabolizing the foodstuffs as they were ingested— 
a metabolizing agent in short. According to Pfliger the organism was 
dynamic and in a state of flux, in that the tissues were transforming 
and being transformed by the food ingested. This conception was later 
elaborated by Kassowitz [1904], who maintained that all food protein — 
became built up not merely protein into living 
before being catabolized. 

The present investigations were carried out in order to gain more 
information as to the nature of the protein retained. In order to achieve 
this object the intake and output of both nitrogen and sulphur (hereafter 
N and 8) were estimated. By this means an attempt was made to deter- 
mine if different types of retention were characterized by a difference 
in the lability and stability of the retained material. The method em- 
ployed in those observations was that of the superimposition experiment. 
The work was carried out on the author, a healthy male subject weighing 
65 kilos and 30 years of age. Total N (Kjeldahl) and total S (Denis) 
were estimated. 

A basal diet of the following composition was ingested until equili- 
brium was attained (Exp. 1, Table I): 470 g. bread, 125 g. butter, 200 g. 
jam, 1 apple. Total calories 2500. 

In period I 250 g. beef were superimposed for 4 days; in period II 
another 250 g. were added (500 g. in all); in period III the intake was 
reduced to 250 g. beef and in period IV the basal diet alone was ingested. 
As was to be expected, in periods I and If with an increasing N intake 
there was a retention, while in periods ITI and IV when the intake was 
reduced there was a loss of N. 

In the first place some information can be obtained by noting the 
total amount of N and 8 excreted in excess of the N and § outputs on 
the basal diet. The figures employed as the basal N and S outputs are 
the averages of April 15th and 16th and May 3rd, viz.: basal N 6-206 g., 
basal 0-572 g. 

The following shows the total N and S and S: N ratio of the excess 
outputs i in each of the periods: 

Period I (four days) 250 g. beef: 13-039 g. N, 0-863 g. 8S; S: N 1: 15-1. 

Period II (five days) 500 g. beef: 56-331 g. N, 3-947 g. 8; S:N 1: 14-27. 

Period IIT (four days) 250 g. beef: 28-519 g. N, 1-748 g. 8; 8S: N 1: 16-31. 

_ Period IV (four days) basal diet alone: 6-258 g. N, 0-336 g. S; S: N 1: 18-68. 


The average 8: N ratio of the beef ingested was 1: 15-65 and it 
will be seen. that the material metabolized in each period was not the 
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same as judged by the S: N ratio. The following figures show the S : N 
ratio of the excess output for periods I and II when the intake is being 
_ increased and for periods III and IV when it is being decreased: 

Periods I+ II: 69-37 g. N, 4-813 g. 8; S:N 1:14-41. 

Periods III +IV: 34-777 g. N, 2-087 g. 8; 8: N 1: 16-37. 

Total excess: 104-047 g. N, 6-896 g. 8; 8: N 1: 15-09. | | 

In period I the material metabolized has a ratio of 1 : 15-1, indicating 
a proportion of § slightly higher than in the beef. In period II the ratio 
shows that a material still richer in 8 is being metabolized. In periods 
_ IIT and IV the reverse is observed, the ratio falling first to 1 : 16-31 in 
period III and to 1 : 18-68 in period IV. There appears to be a distinct 
regularity in the four periods, which shows that the 8: N ratio of the 
- excess output is richer in § than the ingested protein when the N intake 
is rising (periods I and II), while the reverse is the case when the intake 
_ is being reduced. The total excess of N and 8 appears, however, to have 
a ratio approaching that of the beef ingested. The general trend of the 
S: N ratio shows that the higher the protein intake the richer in S is 
the excess material eliminated. In period I, for instance, with 250 g. 
beef the S : N ratio is 1 : 15-11, while in period II with 500 g. beef the 
ratio of the excess is 1 : 14-27. In order, however, to see the full signifi- 
cance of the results the N and 8 retention and loss in each period must 
be calculated. It is clear that in period I, when beef was superimposed, 
there was a retention for the first few days until equilibrium was attained ; 
correspondingly in periods III and IV, when the intake was reduced, 
_ there was a loss until a balance between intake and output at a lower 
level was reached. The daily retention can be calculated from the 
balance between intake and output on the day concerned. The feces 
were not, however, analysed for N and S, as the relatively small amount 
of S in feces is difficult to estimate and may not be absolutely valid in 
view of the probable loss of S in the alimentary canal as H,S. The 
following basis for calculation was therefore employed. It is assumed 
that when equilibrium is attained the N and § outputs in the urine 
represent the total N and S absorbed from the alimentary canal. In 
period I, with 250 g. beef, the maximum N output was 10-60 g. on the 
third day and 9-77 g. on the fourth day of superimposition. In period III, 
with the same beef intake, it was 11-87 g. and 12-60 g. on the third 
_ and fourth days respectively, and it is probable that the average of 
those is the more likely figure. The figures taken as representing the 
N and 8 absorbed in periods I and III are therefore the average of 
April 28th and 29th (12-232 g. Nand 0-931 g.8). 


tp 
with 
Se 


ow 
a 
4 
we 
ia 
+8 
on 
¥ 


- 250 g. beef is practically the same as in period I, i.e. 11 g. The quality 


PHYSIOLOGY OF PROTEIN RETENTION. 331 


Accordingly in period I, Table I, where it will be noted that there 
is a progressively decreasing retention each day until equilibrium is 
approximated, the retention for each day is calculated by subtracting 
the .N and 8 outputs on that day from 12-232 g. N and 0-931 g. 8 respec- 
tively. Similarly in period II the total absorption of N and § is taken 
as the average of the last two days of that period, namely, April 24th 
and 25th (19-622 g. N and 1-395 g. S), and the retention is calculated 
using these figures. In period III as the N intake is reduced the output 
for the first few days is greater than that absorbed; correspondingly the 
figures employed in period I (12-232 g. N and 0-931 g. S) are subtracted 
from the total N and S outputs on each day on which they exceed this 
value. Period III represents a loss, as the N and S absorbed have been 
reduced from 19-622 g. N and 1-395 g. S to 12-232 g. N and 0-931 g. 8. 
In period IV, when no beef was ingested, the loss is calculated by sub- 
tracting the original basal figures (6-206 g. N and 0-527 g. 8) from the 
outputs on each day on which they exceed those ——- The following 
shows the retention or loss in each period: 

Period I (four days): 11-057 g. N retained, 0-753 g. 8 retained; S: N 1: 14-69. 

Period II (five days): 10-952 g. N retained, 0-406 g. S retained; 8: N 1: 26-9. 

Period ITT (four days): 4-787 g. N lost, 0-140 g. lost; S: N 1: 34-1. 

Period IV (four days): 6-255 g. N lost, 0-335 g. 8 lost; S: N 1: 18-6. 


These figures show a definite symmetry as regards the §: N ratio. 
The material retained in period I with 250 g. beef is similar in composition 
to the beef ingested, namely, 1 : 14-69 as compared with 1 : 15-65 (beef). 
In period II, with 500 g. beef, the absolute retention due to the extra 


of the material retained, however, at this higher level differs in that it 
is poor in 8, with a S: N ratio of 1 : 26-9. Correspondingly in period ITI 
when the beef intake was reduced the S: N ratio. of the loss is 1 : 34-1. 
In a short while the material lost in period III is less than half the re- 
tention in period II, qualitatively the substance lost in period III is 
approximately the same as that retained in the previous period (II), 
namely, a material poor in 8. In period IV, which is the counterpart of 
period I, the 8: N ratio of the loss approximates that of the retention 
in period I. Again the loss in period IV is less than the retention in 
period I, and as the same holds good for periods II and III cassie 
retention all over. The following shows the balance: - 

Periods I + II: 22-009 g. N retained, 1-159 g. 8 retained; S: N 1: 18-91. 
-» Periods III +IV: 11-042 g. N lost, 0-475 g. 8 lost; S: N 1: 23-24. 

Total retention: 10-967 g. N, 0-684 g.8;S8:N1:16-0. | | 
22—2 
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The § : N ratio of the material retained at the end of the experiment, 
if compared to the 8; N ratio of that retained up to the end of periods 
I + II, shows that the body has been more conservative in the loss of 
S than of N. In other words, the S: N ratio of the 22 g. N retained up 
to the middle of the experiment is 1 : 18-9, and the loss in periods III 
and IV has raised the ratio of the retained material to 1: 16-0 by 
eliminating relatively more N than 8. This selective retention of 8 is to 
be noted even in the individual periods. For instance, in period I the 
S:N ratio of the retained material is 1 ; 14-69, while in period IV, its 
counterpart, the ratio of the loss is 1 : 18-6: similarly in period IT the 
ratio of the retained products 1 is 1 ; 26-9, while in period III, its counter- 
part, the ratio of the loss is 1: 34-4. In general, while the quality of 
the retained material at one level tends to be the same as that lost in 
a@ corresponding period of reduced intake, the loss in N is slightly greater 
than that of 8. 

The inferences to be drawn from these experiments tend to show that 
two types of protein have been retained: (1) a labile material poor in S 
which is eliminated when the N intake is reduced: this corresponds to 
Voit’s circulating protein; (2) a more stable material whose composition 
as judged by its 8: N ratio approaches that of muscle. This material is 
held on to even when the N intake is reduced. It should be noted that 
the labile material has no definite 8 content, it appears to be poorer 
_in 8 the higher the N intake. It is possible that its low 8 content may 
- condition its instability. The general tendency appears to be to store the 
stable material rich in § first and the circulating protein poor in 8 later. 

A similar experiment (Exp. 2, Table IT) was carried out to confirm 
this selective retention of a 8-rich product first. A basal diet similar to 
that employed in Exp. 1 was ingested, and 250 g. beef superimposed 
daily until N equilibrium was attained. The time required to reach 
equilibrium was unexpectedly long, as the body was storing N for some 
unknown reason. The beef was superimposed daily for eight successive 
days until equilibrium was reached. The basal figures for the N and S 
outputs were those of the preceding day (February 26th): N 6-556 g., 
8 0-502 g. 

The excess N and 8 outputs ond S: N ratios were calculated for each 
day. It will be noted that the ratio of the excess in general tends to fall 
from 1: 9:15 to 1 : 12-65; this indicates that relatively more 8 than N 
was being eliminated at the beginning than at the end. 

The following is the total excess output for the eight days over basal: 

28-472 g. N, 2-543 g.8;8:N 1; 11-19. 
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The 8: N ratio of the excess is definitely richer in S than that of the 
beef ingested (S:N 1: 15-65), The figure is also considerably higher 
than the ratio of the excess in the corresponding period in Exp. 1. In 
period I, Exp. 1, the 8: N ratio of the excess for the four days was 
1: 156-0, The retention of N and 8 during the eight days shows some 
points of interest. A prior: as the 8: N ratio of the excess is higher 
than that of the beef and higher than the excess S : N ratio in period I, 
Exp. 1, it is to be expected that the § : N ratio of the retained material 
would be lower than the retention in period I, Exp. 1, and lower than 
that of the beef ingested. This is exactly what has been found. The 
calculation is on a similar basis to that in Exp. 1, the total N and 8 
outputs on March 5th, 12-065 g. N and 0-936 g. S, being taken as the 
daily absorption of those elements during the course of the experiment. 

The following is the amount retained over the eight days: 

N retained 15-520 g., 8 retained 0-929 g.; 8: N 1:16-76. 

The 8: N of the material retained in period I, Exp. 1, was 1 : 14-69, 
slightly higher than that of the beef ingested, while in this experiment 
as the 8: N ratio of the excess was high (1 : 11-19) it is only to be ex- 
pected that the ratio of the retained material should be 1 : 16-76, i.e. 
lower than that of the beef (1: 15-6). It will be noted that the S: N ratios 
of the all-over retention in Exps. 1 and 2 are 1 : 16-0 and 1 : 16-76, both 
indicating a material slightly poorer in S than the beef (1: 15-6) or 
muscle tissue (1: 15-0). In Exp. 2 the 8: N ratio of the material re- 
tained daily has been calculated. It will be seen (Table II) that the 
ratio drops from 1-: 15-15 on the first day to 1 : 20-5 and 1 : 19-1 on the 
third and fourth days of superimposition and then tends to fluctuate 
for a day or two. This irregularity and the fact that equilibrium is 
attained only after eight days indicate possibly that two types of re- 
tention are going on. It is the general experience that N equilibrium 
when the body is relatively well supplied with protein is attained within - 
a period of some three or four days: period II, Exp. 1, shows a striking 
example, the maximum N output being reached by the third day. These 
three days represent the time required to fill the circulating protein 
depots. If for any reason some of the protein is being retained in some 
more stable form, equilibrium or the filling of the circulating depots will 
be delayed. It seems possible that in this experiment both processes 
have been going on. The tendency for the first few days has been to 
retain a material relatively rich in 8 and later a product poor in S was 
stored. From the fact that the 8: N ratio fluctuates for a day or so it 
appears that possibly both processes are at work. It is indeed possible 
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that an equilibrium between both types might exist. If this assumption 
be true then once so much stable protein is built up its quota of circu- 
lating protein must be added to it. The point to note, however, is the 
tendency to retain the more stable material rich in 8 first, which is 
analogous to the different types of material stored in periods I and II 
in Exp. 1. In Exp. 1 the product rich in S was stored and in period IT 
that poorin 8. 

The question still remains, however, as to what is the nature or 
function of the different retention products. Since Voit’s time Rubner 
is the only worker who has attempted a classification of the different 
retention products based not on their chemical constitution but on their 
relative lability or stability in metabolism. Rubner’ s [1911] classifica- 
tion is as follows: 

- 1. Organized protein (Organeiweiss, 0..): protein retained during 
growth or convalescence: this was held to be a retention of organized 
or living material. 

2. Improvement protein (Meliorationseiweiss, M.E.): the criterion for 
the existence of this was the fact that a normal adult on a high protein 
diet may retain a certain amount of N which i is not metabolized when 
the diet is changed to a N-free one. | 

3. Transitidnal protein this material was 
slowly metabolized over a period of eighteen days or so of a N-free diet 
in contrast to the improvement quota which was more stable. 

4. Reserve protein ( Vorratseiweiss, v.z.): V oit’s circulating protein. 
The quantity of this material retained at any one time is dependent on 
the protein content of the diet. A certain amount of this circulating 
protein is retained or lost within three days or so of i inoressing or de- 
creasing the protein intake. 

The first two were classified as static and the other two as alimentary 
types of retention. The improvement quota (M.z.) was supposed to be 
retained in all the tissue cells, regardless of their function, their nutritive 
condition being thus raised. The transitional protein (v.E.), on the other 
hand, was a temporary retention of material possibly concerned with 
the assimilation and metabolism of protein food. On a N-free diet this 
reserve was not essential, and hence it was slowly metabolized over a 
period of days as in Thomas’s [1910] experiment on himself. In this 
connection it is of interest to note that Seitz [1906] found that the 
livers of ducks and hens, which were fed on a high protein diet, increased 
in weight proportionally more than the rest of the body, for instance 
100 p.c. as compared with 15 p.c. Similarly Mackay, Mackay and 
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Addis [1928] and Mendel [1924] observed a hypertrophy of the kidneys 
in rats fed on a high protein diet. As both these organs are intimately 
concerned in protein metabolism it is not improbable that transitional 
protein (U.E.) is associated with the hypertrophy of the liver and kidneys 
and possibly certain other tissues. As regards circulating protein (v.z.) 
Rubner [1911] holds that it is simply a prerequisite for N equilibrium. 
If there were no temporary reserve such as this, equilibrium would be 
impossble with an intermittent food intake. The characteristic feature 
of transitional protein (U.z.) and circulating protein (v.z.) is their relative 
lability. The latter is metabolized within three days or so after the 
N intake has been reduced or stopped, while the former requires some 
eighteen days (depending on the previous feeding) of a N-free diet before 
it is completely metabolized. Thomas's [1910] experiment on himself 
shows the difference between circulating (v.z.) and transitional (v.£.) 
protein. A N-free diet was ingested until the endogenous wear and tear 
output of 2-2 g. N was reached; four days of high protein followed during 
which 66 g. N were retained; the N-free diet was then resumed. Thomas 
calculated that all the N eliminated over the endogenous wear and tear 
level came from this retained material. The following figures are taken 
from his paper and show the trend of the N output on a N-free diet 


after high protein feeding: 


N in urine (g.) 

Last day of high protein diet 

lst day of N-free diet 

3rd 

8th Nes 3-6 


It will be noted that the material metabolized from the third day of 
the N-free diet is relatively stable, in that it is slowly excreted from the 
third day on: by the twentieth day the endogenous wear and tear is 
being covered entirely by what is considered to be true body tissue, 
possibly improvement quota (m.r.). These figures show the difference in 
the stability of transitional (v.z.) protein and circulating protein (v.E.). 

Two experiments were therefore devised in order to gain some in- 
formation as to the separate existence of an improvement quota (M.E.) 
and a transitional protein (v.z.) and further to see if there is any 
difference in 8 content between them. It will be remembered that the 
material finally retained in Exps. 1 and 2 had a rather lower S: N ratio 
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than muscle tissue, and the problem is which of the above mentioned 
proteins this was. A priori it might be anticipated that the improvement 
quota (M.E.), which is the more stable, would have a ratio corresponding 
to muscle and the transitional protein (v.z.), which is intermediate in 
stability between improvement quota and circulating protein, might 
have a ratio slightly lower than muscle tissue. The following basal diet 
was ingested for three days: 500 g. beef, 50 g. cheese, 50 g. butter, 
400 g. bread, 3 eggs. 

The total N intake was approximately 26 g. In Exp. 3 (Table III) 


Taste III. 
Exp. 3. 

Date Diet Total N (g.) Total (g.) 
22. x. 28 Basal 19-460 1-417 
23. x. 28 24-948 45606 1: 16-56 
24, x. 28 25-676 1-461 1: 17-56 
25. x. 28 Fasting 13-608 1: 19-65 
26. x. 28 17-056 0-912 1: 18-69 

Exp. 4. 
li. iv. 29. Basal 17-184 1-450 1:11-84 
12. iv. 29 i 20-664 1-549 1: 13-33 
13. iv. 29 “5 20-748 1527 1: 13-57 
14. iv. 29 N-free diet 10-437 0-527 1: 19-78 
15. iv. 29 ao 5-572 0-296 1: 18-07 
16. iv. 29. . 4-592 0-269 1:17-05 
17. iv. 29 em 4-454 0-291 1: 16-29 


there followed a two-days’ fast (except for water) in Exp, 4, on the other 
hand, a N-free diet was ingested for four days; the N-free diet consisted of 
300 g. tapioca, 100 g. olive oil, 100 g. sugar, 1 apple. 

In Exp. 4 on the first day of the N-free diet, it will be noted that 
the N output dropped to a half, while the 8 output dropped to a third 
of their values on the previous day on the high N intake, and corre- 
spondingly the 8: N ratio fell from 1 : 13-5 to 1: 19-7. On the second 
day of the diet the N output dropped 50 p.c., while the 8 output dropped 
40 p.c. of their values on the day before; the 8 : N ratio was still however 
low. On the third and fourth days of the diet the N and S outputs fell 
extremely little, while the 8 : N ratio tended to rise to a value of 1 : 15-2. 
It is this type of slow fall which Thomas observed on himself in a 
similar experiment and which is due, according to Rubner, to a gradual 
metabolizing of transitional protein (v.z.). A further analysis of the 
figures may, however, be made in two-day periods. 
| N output on first and second days of N-free diet gi eee 


8 ” ” ” eae eee 0-824 
S:N ratio 1: 19-42 
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N ouput on third and fourth days of N-freediet ...... 9-046 g. 
8 ” 99 0-560 
| S:N ratio 1: 16-14. 
Total Noutputoverthefourdays ... «ws. 26-065 
S:N ratio 1; 18-09. 


It will be noted that the larger moiety excreted in the first two days 
is relatively poor in 8, while the smaller fraction eliminated on the last 
two days approaches in composition to body or muscle tissue. If the 
results of Exp. 1 (Table I) are recalled it will be'seen that when the 
N intake is reduced, as in periods III and IV, the material lost was 
poor in §; in period III the ratio was 1 : 34, while in period IV it was 
1; 18-0. This material lost in the last two periods of Exp. 1 was held 
to be circulating protein, and one would be justified in assuming that — 
what is excreted in the first two days of Exp. 4 is largely from this 
source. The §; N ratio of the total retention in Exp. 1 was, however, 
1 : 16-0, and the issue was whether to consider it as transitional protein 
(U.E.) or improvement quota (M.E.). In Exp. 4 the material excreted on 
the last two days of the N-free diet had a ratio of 8: N of 1 : 16-1, and 
it may be questioned if this is transitional protein. If this assumption 
be true then transitional protein is characterized by its greater stability 
in that it was not metabolized in any amount on the first two days of 
the N-free diet. It can then be asked if its stability is conditioned by 
its 8 content, and if there is any justification for assuming such a type 
of protein retention as transitional protein (v.z.). These two queries are 
associated in that body tissue has a 8: N ratio of 1: 15-14 while the 
S: N ratio of what has been eliminated in the last two days is 1 : 16-1. 
If organized or body tissue had been drawn upon on those two days 
one would have expected a slightly higher S: N ratio. If the diet had 
been continued longer the N output would probably have fallen and 
the 8 : N ratio have risen to a value of | : 15, indicating that the endo- 
genous wear and tear quota is derived from body tissue (0.£.). That this 
is the case has been shown by the writer in a previous paper [ Wilson, 
1925]. It then seems possible that there may be at least three types of 
protein retention, each one characterized by its degree of stability and 
S content. The following is a tentative classification: 

1, Circulating protein (v.z.): this is unstable in that its retention is — 
conditioned solely by the level of protein intake: it appears to be 
poor in 8. 

2. Transitional protein (v.z.): this is more stable than circulating 
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protein and appears to be intermediate in S content between circulating 
protein and body tissue. 

3. Body protein (m.z.): this is the most stable of all, in that it is 
used most economically on a N-free diet to cover the endogenous wear 
and tear quota; its § content is that of body tissue. 

If this classification can be held to give a relatively true picture of 
the nature of protein retention it would appear possible that the S 
content conditions the stability of each type. Further information re- 
garding the retention products may be obtained by comparing Exp. 3 
with Exp. 4 (Table III) where a two-days’ fast followed the high protein 
feeding instead of the N-free diet as in Exp. 3. It will be noted that on 
the first fast day the N and S outputs are both half of that on the 
previous food day. This, so far as the N is concerned, is similar to Exp. 4, 
while the 8 has not fallen relatively so much. In Exp. 4 the 8 dropped 
from 1-5 g. to 0-52 g., while in Exp. 3 (fasting experiment) it dropped from 
1-46 g. to 0-69 g. The influence of a day’s fast as opposed to a N-free 
diet has extended in a small degree to the 8 output, while the drop in 
the N is relatively the same in each experiment. The 8: N ratio on the 
first fast day is exactly the same as on the first day of the N-free diet 
in Exp. 4. On the second day’s fast, however, the N and § outputs 
both rise, to 17-05 g. and 0-912 g. respectively, in contrast to the low 
figures of 5-573 g. and 0-296 g. on the second day of the N-free diet in 
Eixp.4. The 8: N ratio is, however, the same on the corresponding day 
of each experiment. These figures show that the N-free diet has a very 
considerable sparing action on the breakdown of protein. The exact 
amount of N and 8 spared can be calculated by subtracting the outputs 
of those two substances on the second day of the N-free diet from the 
—_— on the second day’s fast. The panrenng are the figures obtained : 


N output on second day N-freediet 5-572 
8 output on second day N-free diet 0-296 
8 spared 0-616 


The N-free diet has hence been responsible for sparing the breakdown 
of some 11 g. N and 0-6 g. S, and from the §: N ratio of this product it 
might provisionally be called transitional protein (U.E.) as its ratio is 
below that of body tissue. Definite information, however, in favour of 
the existence of such a type of retention product may be obtained by 
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comparing Exps. 3 and 4 with a somewhat similar experiment previously 
published by the writer [Wilson, 1925]. The question at issue is, is this 
11 g. N and 0-6 g. S (which has been spared under the influence of the 
carbohydrate of the N-free diet) circulating protein (v.z.), transitional 
protein (U.z.), or true body tissue? Circulating protein may be dismissed 
for the following reasons. Circulating protein is known to be eliminated 
as soon as the N intake has been reduced; in general therefore on the 
first day of the N-free diet 80 p.c. of the circulating protein would be 
eliminated, on the second day 15 p.c. and on the third day 5 p.c. as was 
found by Griiber [1901]. On the second day of the N-free diet (Exp. 4) 
the N output was 5-572 g., and this figure would include any circulating 
protein in process of elimination, at most only a gram or two could 
remain to be eliminated on the third day of the N-free diet. The extra 
' 11-486 g. N eliminated on the two fast days over that eliminated on 
the two days of the N-free diet cannot therefore be considered as circu- 
lating protem. It may then be assumed that this 11-486 g. N and 
0-616 g. 8 which have been eliminated on the-second day of the fast 
and spared catabolism in Exp. 4 must. be derived from body tissue or 
transitional protein. A comparison with an experiment published will 
give evidence that it is probably the latter. In this particular experiment 
[Wilson, 1925] an N-free diet had been ingested until the daily N output 
in the urine was 2-996 g. At this low output it may be taken that all 
the circulating protein and most of the transitional protein, if such 
exists, had been metabolized. Two days’ fast followed, the output of N 
being 2-49 g. and 4-8 g. respectively. This means that on the second fast 
day the output of N is about 2 g. above that of the day preceding the 
fast (29 g. on N-free diet). In Exp. 3 the N output is 11 g. above what 
it would have beén 6n the N-free diet. It would appear that in Exp. 3 
some material was present in the tissues which was not circulating 
protein but was more labile than organized protein, in that 11-48 g. 
extra N were metabolized on the second day of fast in contrast to the 
experiment just quoted where only some 2 g. extra N were drawn upon 
on the second day of fast. These figures would lend some justification 
to the view that there is a retention product which is more stable than 
circulating protein in that its rate of catabolism is spared by a carbo- 
hydrate rich- N-free diet; further it appears to be more unstable than 
organized body protein in that it is more easily broken down in starva- 
tion. It is probably this slight instability which causes its slow break- 
down over a long period of N-free feeding as Thomas [1910] observed. 
The 8: N ratio of this 11-48 g. N and 0-615 g. 8 (1 : 18-65), which may 
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be called transitional protein (v.z.), would favour the hypothesis that 
its slight instability in contrast to body protein is conditioned by its 
lower S content. 

In the foregoing discussion of these experiments it should be kept in 
mind that it is improbable that the body metabolizes one type of protein 
exclusively until it is exhausted and then draws on the remaining re- 
serves. It should further be remembered that it is impossible to fix the 
S: N ratio for any of those types of protein with the exception of body 
tissue. This ratio is a composite one and may simply express the average 
ratio of one, two or three proteins which are all being metabolized in 
varying degree. It is possible that instead of there being three distinct 
types of protein retention of different § content one type of a variable 
and plastic composition is synthesized. If the food ingested ultimately 
becomes protoplasm, as K assowitz [1904] maintains, the lability and — 
composition of this protoplasm may be conditioned by its 8 content. 

The role of sulphur in metabolism, The writer [Wilson, 1925, 1926] 
has previously brought forward evidence in confirmation of the finding 
of Feder [1881], Falta [1906], and of Cathcart and Green [1912] 
that § is the first to be dealt with in the metabolism of protein. Evidence 
was further adduced, however, which tended to show that 8 plays the 
mobile réle not only in catabolism but also in anabolism. The anabolic 
side of metabolism has been rather neglected, and this has probably 
been the cause of the disagreement among investigators [Hawk and 
Chamberlain, 1904] as to whether S or N was the first to be catabolized. 
If it is true that all food is first built up into some complex before it is 
catabolized a complete picture of the fate of ingested material can then 
be obtained only when both the anabolic and the catabolic phases are 
taken into consideration. The results obtained in Exps. 1 and 2 will 
tend to confirm the hypothesis that not only is § the first to be catabolized 
but that it is the first to be retained in the process of retention or 
anabolism. Exps. 1 and 2 show the advantage of a detailed analysis 
not only of the daily excess N and § excreted (catabolized) but also of 
the daily retention of those elements. 

Exp, 1 has already been discussed in regard to the gross retention 
in each period. In Table I are given the daily excess outputs over the 
basal figures (no beef in diet) for each experimental period. In addition 
the excess outputs of N and S in periods II and III have been calculated 
using the figures of period III as basal. It will be remembered that in 
periods I and III 250 g. of beef were superimposed; the basal N output 
for those two periods was taken as the average of the last two days of 
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period IIT (April 28th and 29th). The daily N and 8 outputs and the 
S: N ratios are tabulated along with the percentage of N and S retained 

each day in relation to the total amount of those elements retained in 
that particular experimental period. For instance in period I 11-057 g. N 
and 0-75 g. 8 were retained, and of this 4-04 g. N and 0-267 g. S were 
retained on the first day, 1.c. 36-5 p.c, and 35-4 p.c, respectively. Simi- 
larly in periods III and IV the daily N and S loss is given and the 
percentage of each element lost daily in relation to each period sepa- 
rately. In period I (250 g. beef) the 8S: N ratio of the daily retained 
material is extremely constant except for the third day on which it rises 
to 1: 11+6, and curiously there is a rise next day in the absolute amounts 
_ retained; correspondingly the percentage retentions of N and § are the 
same for each day except the third. In period II (500 g. beef) the 8: N 
ratio of the material retained daily, though low as compared to the beef 
is higher on the first day (1 : 23-3) than on the second (1 : 40-4). This 
would appear to indicate that during retention the 8 is retained in 
advance of the N in spite of the fact that the S: N ratio of the total 
retention in this period is low (1: 26-9). It is instructive to compare 
the daily excess N and S outputs of this period with the daily retention. 
As has been mentioned the excess output is given on two bases, namely, 
(1) excess over the output on basal diet; (2) excess over the output on 
250 g. beef diet. The S : N ratio of the excess is seen to fall from 1 : 13-45 
on the first day to 1 : 15-41 on the last day of period II on the first basis 
of calculation, while on the second basis of calculation it falls from 
_ 1:51 to 1: 15-8. These figures indicate clearly that the S is catabolized 
in advance of the N, while the figures for the retention indicate that 
the § is retained in advance. The 8: N ratio of the excess and of the 
material retained for each of the five days of period II are given below 
in order to show how the anabolic and the catabolic phases run con- 
currently; the excess calculated on the second basis has been quoted. 


April 8S: N excess S:N retained 
21st 1:51 1:23:3 
22nd 1:10-9 1; 40-4 
23rd 1:14-7 1:27-8 


These figures show the fallacy of estimating the S: N ratio of the 
excess output alone; in this period for instance. the 8 content of the 
excess is higher than that of muscle, and a hasty conclusion would be — 
drawn—correct in so far as it goes—that the S is catabolized in advance 
of the N. The material retained on the other hand is relatively poor in 8, 
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yet the § has preceded the N in the process of retention. In periods 
III and IV as the N intake is being reduced there is a diminishing loss 
until equilibrium is attained at a lower level. In period III the 8: N 
ratio of the loss on the first day is 1 : 26-6 and on the second day 1 : 138-3, 
while the figures giving the percentage of N and 8 lost each day in 
relation to the loss in the whole period show that 88 p.c. of the 8 and 
only 60 p.c. of the N are lost on the first day. This again confirms the 
hypothesis that although the material lost is poor in 8, the 8 precedes 
the N in catabolism. Period IV shows the same features in regard to 
the early catabolism of the 8 moiety. This selective retention of 8 is 
not observed in period I, Exp. 1; several factors might be responsible 
for this. In the first place it must be remembered that it is impossible 
to say how many days a retention process requires. It is possible that 
if a protein is superimposed for several days a certain fraction of the S 
is retained on the first day, while it may require perhaps two days for 
the corresponding N moiety to be retained. Under these circumstances 
the preferential retention of the S would be easily noted. In practice, 
however, on the second day of superimposition an additional fraction 
of § is retained, and the retention of its N is not completed until the 
third day. Similarly on the third and fourth days a diminishing amount 
of 8 is retained until equilibrium is attaimed and storage ceases. It is 
only to be expected under those circumstances that in following the 
retention of N and S a steady state is reached and the preferential 
storage of 8 obscured. Exp. 2 (Table IJ) illustrates this steady state in 
the process of retention. In Exp. 2, 250 g. of beef were superimposed on 
a basal diet similar to that employed in Exp. 1; eight days elapsed 
before equilibrium was attained and consequently a steadily decreasing 
retention was noted over the first seven days. The 8: N ratio of the 
material retained over the seven days is 1 : 16-7, while the 8: N ratio 
of the excess is 1 : 11-1. It will be noted that the S : N ratio of the daily 
excess tends to drop steadily from 1 : 9-1 to 1: 12-6. The 8: N ratio of 
the retained material is highest on the first day (February 27th) and 
from then on it tends to drop until the third and fourth days. The 
tendency however for the retention of a material relatively rich in S at 
the beginning and correspondingly poor in S later on is seen by com- 
paring the 8: N ratio of the total retention (1: 16-7) with the 8: N 
ratio of the material stored on the first day (1 : 15-1), which is slightly 
higher, with the ratio of the seventh day’s retention (1: 18-5) which is 
slightly lower than 1 : 16-7. This experiment then tends to confirm the 
contention that the 8 is the mobile unit not only in the catabolic but 
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also in the anabolic phase. It is only here and there under certain ex- 
perimental conditions that its réle in metabolism can be observed. 

It is hoped that the analysis just made serves to show that there is 
an order not only in the catabolism but also in the anabolism of protein. 
It would appear that in these two phases S or a moiety containing § is 
the mobile or one of the mobile units in the process. The results would 
appear to indicate that ingested protein is metabolized immediately 
after it has first been built up into some complex, possibly protoplasm, 
and hence becomes a part of the living structure before catabolism. 


SuMMARY. 


1. Evidence has been brought forward to show that the organism 
can store protein of varying composition as judged by its 8: N ratio. 

2. The stability of the retention product may possibly be conditioned 
by its 8 content; the higher the S content the more stable is the retained 
material. 

3. Sulphur or a moiety containing 8S appears to be the mobile unit 
both in anabolism and catabolism. | 

4, The possibility is indicated that all ingested protein is not imme- 
diately metabolized as amino acids, but may first be built up into some 
complex before utilization. 


I desire to acknowledge my deep indebtedness to Prof. Cathcart 
for much helpful advice and criticism during the progress of this work. 
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A COMPARISON OF METHODS USED FOR OXYGEN- 
-ATING BLOOD IN PERFUSION EXPERIMENTS. 


By A. HEMINGWAY. 
(From the Physiology Institute, Cardiff.) 


In a previous paper [Hemingway, 1931] a method of perfusing the 
isolated kidney with a pump was described, using isolated lungs for 
oxygenating the blood. In the present paper an account is given of 
experiments where the lungs have been replaced by an oxygenator of 
the type described by Bayliss, Fee and Ogden [1928]. 


EXPERIMENTAL. 

The arrangement of the apparatus was identical with the description 
previously given except that an oxygenator was arranged in a path parallel 
to the lungs so that blood could be diverted from lungs to oxygenator 
vice versa. 

A kidney preparation was set up with the lungs in circuit and allowed 
to run until the blood flow was well established and urine formation 
commenced. When this had been accomplished, the lungs were switched 
out of the circuit, replaced by the oxygenator and measurements made 


of urine and blood flow. Finally the lungs were put back into the circuit 
and the oxygenator removed. 


RESULTs. 


Four experiments have been performed and the results of a typical 
one are shown in Fig. 1. During the initial period the blood flow had 
gradually increased until just before changing from the lung circuit to 
the oxygenator the flow was 167 c.c. per min.; the urine flow had shown 
an accompanying augmentation to 10-9 ¢.c. per min. A sample of blood 
withdrawn from the perfusion cannula at this point had an O, content 
of 18-2 vol. p.c. and a CO, content of 8-7 vol. p.c. Throughout the ex- 
periment the lungs were eetieed with room air and a current of similar 
air passed through the oxygenator. 


Following the change over from lungs to oxygenator there was no 
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immediate alteration in the kidney circulation, but after about 3 min. 
a constriction occurred in the renal vessels and continued to develop. 
The perfusion ‘pressure was kept constant as far as possible by adjust- 
ment of the pump stroke. Eight minutes after its onset the constriction 
showed some abatement and the flow increased slightly; but even after 
15 min., at which point the lung circulation was restored, the renal flow 


B.P., 


mm. Hg 


_ 


o +> 


Urine flow, c.c./10 min. 


0- 10 20 30 40 . 60 70 80 180 190 
Minutes 


Fig. 1. Effect of replacing lungs in the perfusion circuit by an oxygenator. At A blood 
switched from lungs to oxygenator, at B blood switched back to lungs, at C blood 
ment. Weight of kidney 52g. Temp. 38° C. 


was only 25 p.c. of the original. The urine flow was affected even more 
than the blood flow, for in the last 8 min. of the period only 3 drops of 
urine were formed. Oxygenation of the blood was not quite so good, for 
even with the reduced blood flow the 0, content was 17-5 vol. p.c., while 
the CO, content was 10-5 vol. p.c. 
When the blood flow through the lungs was resumed there was some 
PH, LXXtt, 23 
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improvement in the circulation rate, but it did not recover completely, 
and 25 min. after reinserting the lungs was 124 c.c. per min. The 
oxygenator was then again introduced and was followed by a renal con- 
striction. A slight increase in blood flow gradually occurred, but although 
perfusion was continued for a considerable period it never approached 
per min. 
Discussion. 

Experiments described in the previous paper showed that removal 
of the lungs from the perfusion system without making any other altera- 
tion had no effect on renal flow until accumulation of CO, and anoxsmia 


Fig. 3. Removal of the lungs from the perfusion circuit and replacement by the oxy- 
genator, (a) with the plates stationary and (5) with plates rotating. The arrow indicates 
the point of change. 3 


caused vascular dilatation. This was confirmed in the present series of 
experiments, one of which is depicted in Fig. 2. Removal of the lungs 
from the circuit caused no significant change in the renal blood flow, 
but passage of the blood through the oxygenator with the plates re- 
volving caused an immediate constriction, which persisted and was only 
recovered from when the lungs were reintroduced into the circuit. 
Further, since in the experiment of Fig. 1 there was a diminution in the 
0, content and an increase in the CO, content of the blood, it is clear 
that a constriction may be caused when the condition of the blood 
appears to favour dilatation, and so it must be assumed that the blood 
in its passage through the oxygenator underwent some change which 
23—2 
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endowed it with vaso-constrictor properties. The most likely cause of 
this is the mechanical disturbance of the blood, for, as is shown in Fig. 3, 
blood passed. through the oxygenator with the plates stationary caused 
but little reaction in the kidney, while the constriction developed if the 
were 
SuMMaARY. 
A comparison has been made between a mechanical oxygenator and 
isolated lungs as a means of oxygenating blood in perfusion experiments. 
‘ Vaso-constriction occurred in the perfused tissue (kidney) when the 
oxygenator was used and it is suggested that mechanical disturbance is 
responsible for the development of vaso-tonic properties in the blood. 
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THE COMPOSITION AND DISTRIBUTION OF THE 
FATTY SUBSTANCES OF THE HUMAN SUBJECT. 


By E. P. CATHCART anv D. P. CUTHBERTSON. 


(Institute of Physiology and Department of Biochemistry, 
Royal Infirmary, University of Glasgow.) 


EVEN a very cursory study of the literature concerning the metabolism 
of the various proximate principles makes it plain that the available 
information as regards the utilization of protein and carbohydrate, al- 
though far from complete, is abundant and varied, in comparison with 
our knowledge of the metabolism of fat. 

The evidence that fat does serve as a source of energy is clear and 
unequivocal; and that in starvation, when the drain of energy is long 
continued, it is the depot fat that is involved is also beyond question. 
But in experiments of short duration we cannot say that. this is so. 
Modern investigations of the energy exchange in muscle work would 
suggest that fat functions as a source of energy even in the presence of 
carbohydrate. Thus Krogh and Lindhard [1920] state: “The propor- 
tion of carbohydrate to fat catabolized is a function of the relative 
available quantities of the two substances, and substantially the same 
during rest and during muscular work.”’ They also state that “neither 
fats alone nor carbohydrates alone are suitable for the supply of the 
energy requirements of the body, but that the catabolic disintegration 
of either of these substances requires the presence and the simultaneous 
catabolization of the other.” We think it may now be taken as certain 
that in all tissue metabolism, as evidenced at any rate by the respiratory 
quotient, there is a varying quota of protein, carbohydrate and fat in- 
volved in the tissue oxidation processes. For the evaluation therefore 
of the energy exchanges in the body, which depends on the nature of 
the material oxidized, it is essential that some knowledge of the nature 
of the various possible available fats be gained. From whence is derived 
the quota of fat oxidized in tissue combustion? Is it in the form of 
neutral fat derived from the various depots; is it in the form of fatty 
acids such as are found in combination in average neutral fat; is it in 


the form of highly desaturated fatty acids as postulated by Leathes 
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and his co-workers, or is it in some more complex “lipoid” form? The 
work of Zuntz [1911], Benedict and Cathcart [1913], Krogh and — 
Lindhard [1920], and Furusawa [1925] would seem to point to the 
possibility that fat may be used as a source of energy for the muscles, 
yet the work of Leathes [1906] and Winfield [1915] suggests that 
neutral fat present even in muscle, the most active metabolic tissue, 

cannot, at any rate directly, be regarded as the source from which me 
muscle derives its energy. 

Practically all the analyses of human fat which are available in the 
literature have been made on adipose tissue. Generally no attempt has 
been made to ensure the absence of lipides, cholesterol and allied sub- 
stances from the material analysed, nor have corrections been made for 
the presence of such compounds in the final calculation. Hence most of 
the scanty data available are not beyond criticism. 

One of the earliest observers, Che vreul [1823] reported fat as being 
composed of 77-85 p.c. carbon, and 11-42 p.c. hydrogen. These figures 
are the recalculated values of Schulze and Reinecke [1867] who 
corrected Chevreul’s figures for the new atomic weight of carbon. 
Schulze and Reinecke [1867] in a more extended investigation on 
the composition of animal fat included in their observations two analyses 
of human fat. Fat from the kidney yielded carbon 76-44 p.c., hydrogen 
11-94 p.c.; and fat from the panniculus adiposus 76-80 p.c. carbon and 
11-94 p.c. hydrogen. The period of heating employed by these authors 
for the purification of the fat from the tissue involved several days’ 
evaporation on a steam bath. More recent work has shown such a 
method of purification to be inadmissible. Benedict and Osterberg 
[1901] have made more exact analyses using methods of extraction 
which give an unchanged fat, but which are not applicable to the separa- 
tion of muscle and liver fat. The tissues analysed were the panniculus 
adiposus abdominalis and perinephric adipose tissue. The sources of 
these materials were from poorly nourished or emaciated old persons, 
the youngest aged 51, the remaining ranging from 70 to 92 years. These 
workers noticed that generally the solid triglycerides, stearin and palmitin, 
settled leaving the liquid olein on top, an observation which the present 
authors have confirmed. Benedict and Osterberg state “that in light 
of the striking agreement between the samples as a whole the average 
76-08 p.c. for carbon and 11-78 p.c. for hydrogen cannot be far from 
- correct, and probably would be little, if any, affected by a multiplication 
of samples.” In addition, Benedict and Osterberg determined the 
calorie value of 1 g. of each of their fats analysed. The average value 
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obtained was 9-523 large calories per gram at constant volume, or 9-538 
per gram using Stohmann’s correction [1890] for reduction to constant 
ure. These analyses were the first to be performed on human fat 
with the bomb calorimeter. The very earliest calorific determinations of 
human fat had been made by Stohmann [1884] using a Lewis 
Thomson calorimeter. Fat from the panniculus adiposus gave an 
average value of 9-379 large calories per gram, and that from perinephric 
fat 9-427 large calories per gram. Later Stohmann [1890], using the 
Berthelot bomb calorimeter, found that his earlier values were too 
low. His corrected values for human fat were 9-514 and 9-562 respec- 
tively. Zuntz and Loewy [1924] have given the following figures for 
the composition of human fat: 76-10 p.c. carbon, 11-80 p.c. hydrogen, 
12:10 p.c. oxygen; respiratory quotient 0-7133 with a calorie value of 
9-54 for 1g. The calorie value of 1 litre of oxygen is given as 4-795. 
On recalculating this latter value by means of the recently determined 
weight of a litre of oxygen at 0° C. and 760 mm. [Baxter and Stark- 
weather, 1924], viz. 1-4289 g., the figure obtained is 4-792. 
_ As regards the composition of human fat, it is difficult to give exact 
values as various factors play important determinate réles such as the 
nature of the diet, the age of the subject, the exact position from which 
the sample for analysis has been taken. 

Heintz [1852] concluded that the basis of human fat Was & ‘mixture 
of triolein, tripalmitin and tristearin. Jaeckle [1897] gave the com- 
position of fat as stearic acid 4-9 to 6-3 p.c., palmitic acid 16-9 to 21-1 p.c., 
oleic acid 65-6 to 86-7 p.c., unsaponifiable matter 0-33 p.c., and lecithine 
0-084 p.c. More recently Erben [1900] found in human fat 1-18 p.c. 
free fatty acids, 0-56 p.c. lecithine, and 1-17 p.c. cholesterol. Heiduschka 
and Handritschk [1928] found no other fatty acids than oleic, palmitic — 
and stearic in a series of analyses of liver, heart, mesenteric and adipose 
fat. Such observations would suggest that these impurities are not 
present in sufficient amount to alter appreciably analyses such .as those 
of Benedict and Osterberg [1901] and of Zuntz and Loewy [1924] 
on adipose fat. This may be true as regards adipose tissue proper, but 
these substances must be reckoned with in the purification of fat from 
such sources as liver and muscle. 

Many factors have recently been elucidated which play a réle in the 
determination of the character of the fat of adipose tissue. The nature 
of the food consumed may bring about wide variations in its composition. 
Ellis and Hankins [1925], and Anderson and Mendel [1928] have 
shown that diets rich in protein or carbohydrate produce “harder” fats 
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than a diet containing higher amounts of fat. More striking still is the 
effect of the type of fat in the food, e.g. the effect of coco-nut oil on the 
Polynesians and fish fat on the Eskimos (Rosenfeld, 1902; Knépfel- 
macher, 1898]. 

Currie [1922] has quoted some hitherto unpublished results of 
Duncan on the variation of the iodine value of normal human fat with 
the age of the subject, a finding which had earlier been noted in “beef” 
animals by Moulton and Trowbridge [1909]. Jaeckle [1902] found 
that the iodine value of the three-day-old child’s fat was 47, of the two 
to three-weeks-old child 58, and of the adult 62-73. Later Duncan 
[1922] noted that under 11 years the iodine value was 44, from 16 to 19 
years 60-9, from 20 to 25 years 61-0, 62-1 from 26 to 38 years, and 63-98 
from 52 to 65 years of age. Duncan in forty-three cancer patients 
found an average of 72-6, the ages varying from 39 to 68 years. * 

The present series of analyses was performed with a view to deter- 
mining if the fat obtained from muscle and liver differed appreciably 
from the fat of adipose tissue in its elementary composition and caloric 
value. The question of the réle of the co-existent lipides and their com- 
position is delayed for a subsequent communication. | 
_ The material was obtained from fourteen subjects of ages ranging 
from 18 to 57, six of whom died from accidental injuries (B., E., K., 
L., M. and N.). The necropsy was in most cases within a few hours of 
death, the bodies being kept in a refrigerator till required for examination. 


METHOD OF EXTRACTION OF FAT FROM TISSUES. 


The tissue was finely minced and extracted three times with absolute alcohol in the 
cold. This was followed by three extractions with ether in the cold. The alcoholic extracts 
were combined, filtered, and the filtrate evaporated to dryness. The ethereal extracts were 
similarly treated. These and all subsequent evaporations were carried out under reduced 
pressure at a temperature not exceeding 45° C. To avoid bumping during the distillation 
of the various solvents a gentle stream of nitrogen bubbles was drawn through the solution 
‘ being distilled. This latter precaution was to minimize any tendency for oxidation of the 
unsaturated fatty acids. 

The residues from these two evaporations were combined and extracted with ether in 
the cold. This ethereal extract was filtered and concentrated to a small volume. To this 
solution a small quantity of NaCl and five times its volume of acetone were added and 
the mixture allowed to stand over night. In the morning the precipitated lipides were 
filtered off and the filtrate evaporated to dryness. The residue from this evaporation was 
dissolved in a small quantity of ether and again five times its volume of acetone added to 
remove any remaining lipide. This process was repeated a third time. The filtrate from 
this last acetone precipitation was evaporated to dryness and extracted with petroleum 
ether. The petroleum ether extract. was filtered and evaporated to dryness. The fat obtained 
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Tt was found possible to precipitate out all the cholesterol of the subcutaneous fatty 
extracts with digitonin, the digitonin, after filtering off the cholesterol complex, being 
precipitated by the addition of excess petroleum. This process had to be repeated. In the 
muscle and liver extracts, however, owing to the presence of cholesteryl esters, all the 
cholesterol could not be precipitated out. Recourse was then made in all subsequent 

tions to the quantitative determination of the total cholesterol by the modified 
Liebermann reaction. In calculating the final composition of the fats after analysis, 
correction was made for the cholesterol using the following figures: for the iodine value 135 
| (determined by Holde using Wijs’ solution, which gives approximately twice the 
E theoretical value), and for the calorie value of 1 g. 10-289 [Bills, Cox and Steel, 1929]. 
The figures for the amounts of cholesterol present are not appended, as they only signify 
the amount present at the particular stage of purification of the neutral fat. 

The elementary analyses were performed in triplicate, so also the caloric values. 
A Berthelot bomb calorimeter was used. It was checked against pure benzoic and 
salicylic acids. No heat was used in the process of sampling, only thorough mixing. 
Nitrogen and phosphorus were tested for, and where present in appreciable amount the 
values were recorded and due allowance made in the final calculations. The nitrogen was 
determined by combustion with H,SO, and subsequent nesslerization. Hydrogen peroxide 
(perhydrol) could not be used owing to the presence in it of acetamide. The 
. was determined, subsequent to the oxidation of the fat by HNO, and H,SO,, by precipi- 
tation as ammonium phosphomolybdate and weighing directly. The calculated values for 
oxygen are included, also the respective respiratory quotients on the assumption that 
| these fate are oxidized in the body to CO, and H,0. 

| Iodine values were determined using Wijs’ solution. The entire estimation was per- 
formed in a stoppered 500 c.c. bottle. This avoided the y transf of reagents, 
etc. Blank determinations were made with each fresh batch of fats, and from day to day 
during these operations. 

In determining the calorie equivalent of a litre of oxygen used in the burning of these 
fats the volume of 1 g. oxygen at 0° C. and 760 mm. was taken as 0-6998 litre [Baxter 
and Starkweather, 1924}. 

Attempts were made to determine the melting points of several of these fats, and their 
fatty acids. No definite data were gained owing to the fact that these fate consist of 
triglycerides of various melting points, and therefore the final point of disappearance is 
often considerably higher than the temperature at which the main bulk fuses. The same 
criticism applies in the reverse sense to the determination of the solidifying point. 3 


DIscussION OF ANALYTICAL DATA. 
The fats of the panniculus adiposus abdominalis were pale yellow 
in colour, the depth of colour varying somewhat with the distance from 
the skin surface. Whitish flakes of the more saturated triglycerides floated 
| __ throughout the fat, tending later to sediment. These fats showed much ~ 
% less liability to change their character with keeping, than did the liver 
| __ and muscle fats which tended to harden after storage for several weeks 

in a desiecator. A muscle fat which had hardened into a wax-like 
material gave an elementary analysis of 68-42 p.c. carbon, 10-54 p.c. 
hydrogen, and 21-04 p.c. oxygen, the respiratory quotient being 0-742, 
the fuel value 7-71 large calories, and the iodine value 60-2. 
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The fats of liver and muscle were fairly similar in appearance. They 


were of a golden brown colour, the liver fat being slightly the softer. — 


There was also a greater degree of solidification of the saturated fats. 
Exposure to the air even for a short space of time, as, for example, 
during the process of weighing, resulted in an increased fluidity of all 
these fats, and heating in a hot air oven for half an hour at 95° C. caused 
considerable darkening. 

The theoretical respiratory quotient for tristearin is 0-699, for tri- 


palmitin 0-703, for triolein 0-7125, the percentage of oxygen in the 


molecule of these fats being 10-78, 11-91 and 10-86 respectively. It is 
apparent that the highest calculated respiratory quotient is not a pro- 
perty of the fat with the highest percentage of oxygen in its molecule, 
but that the respiratory quotient of the saturated fats decreases with 
increasing complexity, and further, that the respiratory quotients of the 


unsaturated fats are higher than the corresponding members of the | 


saturated series. It will be noticed that in the present series of fat 
analyses the iodine value of the adipose tissue fats is generally a little 
lower than that of muscle fat and very much lower than that of normal 
liver. It is interesting to note the relatively great difference between 
the iodine values of the normal liver fats and the values of the liver fats 
of very stout women. The normal liver fats gave values ranging from 
121 to 134, whilst those showing a visible fatty change gave values 
ranging from 69 to 85. The elementary analyses of the fats of the panni- 
culus adiposus abdominalis of the present series agree very closely with 
the average values, 76-08 p.c. carbon, 11-78 p.c. hydrogen, and 12:14 p.c. 
oxygen, determined by Benedict and Osterberg [1901], and the almost 
identical values reported by Zuntz and Loewy [1924].'The respiratory 
quotients for average fats as calculated by these workers are 0-712 and 
0-7133 respectively. As previously mentioned the majority of Benedict’s 
and Osterberg’s subjects were elderly and in many cases emaciated 
subjects. 

_ The analyses of the subcutaneous fats of two of the three very fat 
women indicated little divergence from that of normal adipose tissue fat. 
The carbon was slightly lower, the oxygen somewhat higher, the calcu- 
lated respiratory quotient identical. The calorie value was practically 
the same as the normal average in one case and somewhat lower in the 
other. Elementary analyses of the outer and inner tangential layers of 
case J. revealed no real difference. ; 

The liver fats were found to be more variable in composition, the 
carbon values being distinctly lower and the oxygen values distinctly 
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higher than the subcutaneous fats. The respiratory quotient was also 
very variable, the average 0-719 being definitely higher than that of 
adipose tissue fat. The calorie value also varied considerably, the average 


~ value 9-11 being much. below that of depot fat. In some respects the 


liver fats of the stout women were more closely allied to the adipose 
tissue fats, particularly in Case I. The calorie value 9-52 in this case was 
also high. 

As was rather to be expected the series of muscle fats presented a 
variable group. Although every effort was made to get rid of every 
visible trace, the variable factor would appear to be the fat present in 
the areolar connective tissue surrounding the bundles. Muscles vary 
greatly in regard to the amount of this material present. While it cannot 
be termed the true muscle fat it is impossible to free the muscle surface 
entirely of its presence. Muscle fat as determined by its elementary 
analysis is very like liver fat. Again the average respiratory quotient is 
high, 0-717, and the calorie value low, 9-23. 

Both liver and muscle fats are much more readily oxidized than are 
the fats of adipose tissue, and although all precautions were taken to 
minimize the risk of oxidation, such a possibility cannot be completely 
ruled out of account. 

It is possible also that, asthe liver almost certainly receives the 
relatively saturated fats to work over into the desaturated forms, death 
may find the laboratory of the liver at various metabolic stages. 

It is of interest that the analyses of the liver of Case G., who died 
in diabetic coma, did not reveal any obvious deviation from the values 
found in the other cases. 

A practical point emerges from the consideration of the icieains 
data in connection with the determination of the energy expenditure. 


__~ If it be assumed, and we believe correctly, that the fat utilized, at least 


for immediate combustion, is not that of the depots in the subcutaneous 
tissue but the more highly oxygenated fats and probably more labile 
fats found in the muscle and liver, and if our analyses of these fats can 
be accepted as reasonably accurate, then the data, as given either in 
the Zuntz table or as modified by Lusk, must be somewhat changed. 
If then a composite value from the liver and muscle analyses be em- 
ployed and the table recalculated the following result (Table IIT) is 
obtained. 

It will be observed that there is naturally little change as we approach 
a respiratory quotient of unity when it is generally assumed that no fat 
is undergoing combustion, but that with the lower respiratory quotients, 
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Il, Significance of the non-protein quotient. 


Percentage total = Percentage total Oalories per 
| 0, consumed by 5S enya : litre O, 
Carbo- Carbo- A 

R.Q. hydrate Fat hydrate Fat Lusk 

Lusk’s data from Zuntz and Schum burg (condensed): 
0-707 0-0 100-0 00 1000 4-686 
0-75 14-7 85-3 15-6 84-4 4-739 4-829 
0-80 31-7 68-3 334 666 4-801 4-875 
0-85 48-8 51:2 50-7 49-3 4-862 4-921 a 
0-90 65-9 34-1 67-5 32-5 4-924 
0-95 82-9 171 84-0 16-0 4-985 5-012 Ee 
1-00 100-0 0-0 100-0 0-0 5-047 5-058 
0-718 00 1000 0-0. 100-0 4-735 
0-75 11-4 88-7 12-0 88-0 4-770 & 
0-80 20-1 70-9 30-4 69-6 4-827 E<: 
0-85 53-2 48-4 51-6 . 4-881 

65-5 35-5 66-0 40 4-936 

008 - 835 17-7 83-2 “16-8 4-992 

1-00 100-0 00 . 100-0 0-0 5-047. 


the quotients which are more commonly met with in the determination 
of the metabolic rate, the divergence becomes quite definite. — 


a Elementary analyses of fat from the panniculus ees abdo- : 


minalis of normal subjects gave an average value of 76-16 p.c. carbon, 
11-82. p.c. hydrogen, and 11-98 p.c. oxygen. The average respiratory 
quotient was 0-711; the average calorie value 9-505 cal. per g. at 
constant volume, and the equivalent of 1 litre of oxygen at constant 
volume was 4-75 cal. The average iodine value was 68-4. 

_ Similar analyses of fat from two very stout. women gave 75-28) C, 
carbo 11-79 p.c. hydrogen, and 12-41 p.c. oxygen; 0-712 for the res- 
piratory quotient; 9-45 for the calorie value and 4-79 for the calorie 
equivalent of a litre of oxygen at constant volume. The average iodine 
value was 71. | | 

2. Elementary analyses of liver fat practically free of lipoid gave 
73-79 p.c. carbon, 11-42 p.c. hydrogen, and 14-36. p.c. oxygen. The 
average respiratory quotient was 0-719, the average calorie value 9-11 
and the calorie equivalent of a litre of oxygen at constant volume 4-65. 
The average iodine value was 127. B 

The average iodine value of the fat from two abnormally fat women’ 8 2 
livers which demonstrated visible fatty change was 73. q 3 
. 8. From muscle fat freed of cond gave on 
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Daneaiecy sane 13-17 p.c. carbon, 11-47 p.c. hydrogen, and 14-59 p.c. 
oxygen. The average respiratory quotient was 0-717, the calorie value 
of 1 g. 9-23 cal. at constant volume and the equivalent of 1 litre of 
oxygen at constant volume 4-82 cal. The average iodine value was 74. 

4. A modification is suggested on the basis of the new analyses of 
the values given in the Zuntz-Schumburg table, and of necessity of 
the Lusk modification of this table, of the calorie values of 1 litre of 
oxygen at different respiratory quotients. 


We have much pleasure in offering our thanks to Mr 8. L. Tompsett 
for his technical assistance. 
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‘APPENDIX A. 


Calculation of heat of formation of human fat. 
The thermal value due to the formation of a compound from its elements C,, H,, and 


O, is equal to the thermal effect on direct formation of the products of combustion, aCO, 
and 6H,0. Using the symbols of Thomsen [1908] the equation of the combustion may 


be written: 
0, H,, 0, + (2a +6 —c) O=aC0, + 6H, 0. 
To express the heat of combustion the abbreviated formula {(C,H,,0, ) may be used. Thus 
the equation form of the above law may be written ey 
(Og, Hyp, O,) + Hy 0, =a (C, O,) +6 (Hy, 0). 

In the calculations of the heats of formation we have utilized for the heat of formation 
of CO, from amorphous carbon, the value 96,960 cal, per g. atom [Favre and Silber- 
mann, 1852] and for the heat of formation of liquid water the value 68,360 cal. per g. mol. 
(Thomsen, 1908]. The respective figures per gram of C and H are therefore 8-080 and 
34-180 kilocalories. Values for the heats of formation so calculated are at constant 
pressure. 

Favre, P. A. and Silbermann, J. T. (1852). Ann. Chim. phys, 34, 357. 
Thomsen, J. (1908). Thermochemistry, trans, Burke. Longmans, London. 


APPENDIX B. 


The correction of the value of the heat of combustion of fat as determined at constant 
volume to that at constant pressure, can be conveniently calculated by determining what 


energy the apparatus would gain by gas entering the bomb to make up the deficient 


volume. 

If we assume a fat of constant composition C=76 p.c., H=12 p.c., and O=12 p,c., 
then each gram of fat requires 2-864 g. oxygen. Each unit volume of oxygen is replaced 
by 0-708 of a unit volume of CO,, leaving a volume equal to that filled by 0-292 x 2-864 
at the original pressure. This volume is filled by internal expansion of the contents of 
the calorimeter. The temperature changes are negligible. 

Work done by gas entering at constant pressure: 

202 = 20m x vol. of 0-292 x 2-864 g. oxygen at 0° C. atmosphere.) 


Now I g. mol. of oxygen at pressure + has volume 22-4 litres, and wv for 1 g. “aan 


oxygen at 0° C.=2 cal. per degree =2 x 273 cal. 
20m x vol. of 0-208 x 2:864=~ 
If temperature 16°, 


= 14-47 cal. 


work done = = 15-32 cal, 
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THE GLOMERULAR PRESSURE IN THE 
ISOLATED MAMMALIAN KIDNEY. 


By F. R. WINTON (Beit Memorial Medical Research Fellow). 
(From the Department of Pharmacology, U “— College, London.) 


INTRODUCTION. 


THE measurement of the glomerular pressure and its variations under — 
experimental conditions is an essential preliminary to the physical 
analysis of the rate of formation of the glomerular fluid and its subse- 
quent fate in the tubules. But even the less ambitious requirement of 
assigning @ minimum value to the glomerular pressure, high enough to 
justify the filtration hypothesis, has induced many writers on the kidney 
to hazard a guess as to its value, based in part on the histological ap- 
pearances of the lengths and diameters of the blood vessels concerned, 
and in part on the demands of the filtration hypothesis itself. 

Ludwig [1844] recognized that his hypothesis necessitated an ex- 
ceedingly high glomerular pressure, and founded his belief in this on 
histological observation, and on hydrodynamical considerations which 
will be mentioned in detail below but are quantitatively unimportant 
in this connection. 

Two kinds of attempt to arrive at a more exact estimate of the 
glomerular pressure have been made, both of which depend on a rather 
drastic experimental intervention with the renal function, namely the 
‘identification of conditions which abolish the secretion of urine. First, 
the least arterial pressure consistent with the formation of urine has 
been shown to be in the neighbourhood of 40 mm. Hg [Ustomovitsch, 
1870; Grutzner, 1875; Starling and Verney, 1925, and others], and 
it has been contended that the glomerular pressure in these circum- 
stances cannot exceed this value, nor according to the filtration hypo- 
thesis can it bé less than the 30 mm. represented by the osmotic pressure 
of the plasma proteins. It may be remarked, however, that the flow of 
urine more usually ceases if the arterial pressure falls below about 
75 mm., even in the isolated kidney where there is no question of reflex 
vaso-constriction, and that the lower arterial pressure mentioned can 

PH. LXXII. | 24 
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only produce urine if the blood contains large concentrations of some 
diuretic substance. Since neither the effects of diuretics on the glo- 
merular pressure, nor the changes of glomerular pressure with arterial 
pressure are known, these experiments throw little light on the value 
of the glomerular pressure under more normal conditions. 

The second method of arriving at the glomerular pressure depends 
on measuring the ureter pressure which just suffices to abolish the secre- 
tion of urine. Various values have been assigned to this pressure by 
different observers. For example, Loebell [1849] found 7-10 mm. Hg, 
Hermann [1859] 40-60 mm., and Heidenhain [1883] 64 mm.; 
Gottlieb and Magnus [1901] and Henderson [1905] occasionally 
obtained the latter value, but often found much lower values, and ureter 
pressures as high as 120 mm. Hg (8.P. 155 mm. in dog) have been re- 
- corded by Ozorio de Almeida [1927]. Now, according to the filtration- 
reabsorption hypothesis, when the urine flow is abolished by ureteral 
obstruction, the reabsorption of water and certain other substances 
_ proceeds until the concentration of substances to which the tubules are 
impermeable reaches a value such that the osmotic resistance brings the 
reabsorption process to a standstill. The liquid in the tubules is then 
stationary, and the ureter pressure is therefore equal to the intracapsular 
pressure, which is assumed to differ from the glomerular capillary 
pressure only by an amount equal to the osmotic pressure of the plasma 
proteins. The divers accounts of the maximum ureter pressure would 
suggest, therefore, that the glomerular pressure is a very variable affair. 
But the differences in the recorded values of the maximum ureter pressure — 
probably depend mainly on differences in the quantities of diuretic 
substances employed by the observers, for this pressure undoubtedly 
increases with the concentration of no-threshold diuretics in experiments 
on the isolated kidney, though this relation is quite unaccountable in 
the simple terms of the filtration-reabsorption hypothesis given above. — 
One must therefore either suppose that such diuretics produce their 
effect by increasing the glomerular capillary pressure, which is contrary 
both to the evidence included in the theory named and to my own pre- 
liminary observations, or confess that the relation between the maximum — 
ureter pressure and the glomerular pressure is not yet understood. 

The glomerular pressure in the mammalian kidney is, therefore, a 
quite unknown quantity. In the frog’s kidney, however, it has been 
estimated by microscopic observation of the glomerular capillaries sub- 
mitted to an external pressure just sufficient to obliterate them. L. Hill 
and McQueen [1921] put the pressure at 5-10 mm. Hg; Hayman 
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[1927], who applied the pressure through a micropipette inserted into the 

intracapsular space after blocking the tubule, obtained values varying 
' from 4 to 52 cm. of water, which corresponded on the average to about 
one-half the pressure in the aorta. The hydrostatic conditions in the 
mammalian and amphibian kidneys are, however, widely different; this 
and other differences such as the presence of cilia in the tubules of frog’s 
kidneys [Ebbecke, 1931] suggest that no close analogy between them 
can safely be assumed. 

The filtration-reabsorption theory has been placed almost beyond 
dispute so far as the frog’s kidney is concerned [Richards, 1929], but 
its application to the mammalian kidney is based on no such secure 
experimental foundations. Apart from the analogy, of somewhat un- 
certain validity, with the frog’s kidney, the belief in glomerular filtra- 
pe tion in the mammalian kidney rests mainly on the histological appearance 
| ___ of the glomerular membrane which has been supposed to be too simple 
in structure to enable it to perform a secretory function. The recent 

Es demonstration (Straub, 1929; A. V. Hill, 1930], that even so simple 
5 a membrane as that separating the yolk from the white of a hen’s egg 
e normally sustains large differences of osmotic pressure between its sur- 
4 faces has, however, robbed this contention of much of its force. At 


io present the filtration-reabsorption theory, like certain variants of the 
Me secretion theory, is unassailable as a possible hypothesis, but indefensible 
i. as a unique interpretation of the results of experiment on the mammalian 
kidney. 

| In putting forward a method of measuring the glomerular pressure, 
therefore, it is evident its results may be called upon to testify for or — 
against the rival possible hypotheses of renal secretion; consequently it 
is a matter of crucial importance that the reasoning on which the method 
is based should not disguise an inference from one of these hypotheses. 
I believe that the argument given below is free from this objection. 


ut 

ay 


THE MEASUREMENT OF THE GLOMERULAR PRESSURE. 

Direct measurement of the pressure in the glomerular capillaries 
‘ appears to be impracticable in the mammalian kidney owing to the 
inaccessibility to microscopic observation of the Malpighian corpuscles; 
these are situated too far from the surface of the organ for this purpose, 
and are additionally obscured by the liberal blood supply of the tissues 
surrounding them. 
The present communication is concerned to show that, at least 
as a first approximation, a simple quantitative law relates the four 
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hydrostatic pressures which are of chief interest in connection with the 
secretion of urine: 
Glomerular pressure _ Ureter pressure 
Arterial pressure ~ Venous pressure’ 
where the ureter and venous pressures are so chosen that, taken one at 
a time, they will produce the same reduction in the rate of formation 
of the urine. 
| All the variables other than the glomerular pressure can be measured 
in the isolated mammalian kidney by methods detailed in previous com- 
munications [Winton, 1931 qa, and 6]. The value of the glomerular 
pressure so obtained is a statistical average rather than a measure of 
the pressure in any individual capillary; but this is hardly a disadvantage, 
for in correlations between the glomerular pressure and the rate and 
composition of the urine secreted, it is just such an average which is 
presumably the significant factor. 
The derivation of the equation depends on the assumption that cen : 
the pressure in the renal vein is raised, the pressure in the renal artery y 
being constant, the increment of pressure at any intermediate point in 
the renal circulation varies as the difference between the original pressure 
at that point and the pressure in the renal artery. Such a relation would d 
hold for any series of rigid tubes connected end to end and traversed by 
a liquid at a velocity low enough to avoid turbulence. It would not hold 
accurately for a series of distensible tubes, such as constitute the renal 
circulation, but reasons will be given below for supposing that the error 
so involved can be neglected for our present purpose. There is no good 
reason to suspect turbulence in the blood flow in the kidney. 
The application of this principle to the measurement of the glomerular | 
pressure is illustrated in Fig. 1. The straight line PR, representing the 
fall of blood-pressure from the renal artery to the vein, defines the 
horizontal axis, which consequently bears an irregular relation to the an- 
atomically linear scale along the path followed by the blood from the 
artery to the vein. If the glomerular pressure is OS, and equal to the 
ordinate QT, Twill by definition represent the glomerulus on the hori- 
zontal scale. Now if the venous pressure be raised to RR’, the funda- 
mental assumption mentioned in the previous paragraph implies that 
the pressure gradient can be represented by a straight line PR’, where 
the anatomical representation by the horizontal scale has undergone no 
change. The new — pressure will thus be Q’7, By similar 
triangles PQQ’ and oe 
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Sand by similar triangles PQS and PRO, 
PQ PS 
PR = 

| 

Hence | = 


i.¢. the increment (AG@) in the original glomerular pressure (@) is related 
to the arterial pressure (4) and the venous pressure (V) by the equation 


AG A-G 


T 
Fig, 1. Diagram illustrating the relations between the arterial, glomerular, and venous 
pressures in the kidney. Ordinates=bl Abscisse=an irregular ana- 


tomical scale extending from the renal artery (0) to the renal vein (R); the inter- 
mediate points are defined by the condition that the blood-pressure at any point lies 
on the straight line PR. 


In a previous paper [Winton, 1931 6] it was shown that the incre- 
ment in the glomerular pressure due to an increase of venous pressure 
can be expressed as the difference between the venous pressure and the 
ureter pressure which, taken one at a time, will ee the same re- 
duction in the urine flow, that is: 


AG=V-—U, | 
where V is the venous pressure that produces an increment AG in the 


glomerular pressure, and retards the urine flow as much as would a 
ureter pressure U. 
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| 7: 
which is the relation to be derived. 
EXPERIMENTAL. 


Direct verification of this relation is at present impossible for reasons 
already given. The degree to which it will yield predictable consequences 
can, however, be tested. Perhaps the most striking consequence of the 
relation is that the ratio of the equivalent venous and ureter pressures is 
a constant, independent of the degree of reduction of the urine flow which 
they bring about. | 

This prediction was put to the test in a series of experiments on the 
heart-lung-double-kidney preparation of the dog; the urine flow of one 
of the pair of kidneys was retarded by an increase of ureter pressure, 
and that of the other by an increase of the venous pressure. These pres- 
sures were varied at about the same time in such a way as to keep the 
rate of secretion of the two kidneys equal. The pressure in the renal 
arteries of both kidneys was kept equal and constant in any one experi- 
ment, and apart from this, the technical details of the experiments were 
exactly as described in previous communications [Winton, 1931 a, 6]. 

The variation of the urine flow with progressive ureteral and venous 
obstruction in such an experiment is illustrated in Fig. 2. The numbers 
in the figure, representing the ratio of ureter to venous pressure, show 
that there is no systematic change in this ratio with the urine flow over 
a wide range of the rate of urine secretion. The product of this ratio and 
the arterial pressure is equal to the glomerular pressure of the kidneys, 
before the pressure in one of thern had been raised by the increase of 
venous pressure. The experiment shows, therefore, that the glomerular 
pressure calculated in this way is independent of the absolute heights 
to which the ureter and venous pressures happen to have been raised in 
order to provide the data for its measurement. 

The curves in Fig. 2 also demonstrate the characteristic independence 
between the urine flow and both the ureter and the venous pressures, 
when these pressures do not exceed a value usually in the neighbourhood 
of 10 mm. Hg. Within this region the ratio of the ureter to the equivalent 
venous pressure is indeterminate. Pressures large enough to abolish the — 
urine flow also yield indeterminate ratios. Inside these boundaries the 
ratio of the ureter pressure to the venous pressure which retards the 
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urine flow equally is as nearly constant as can be expected in an experi- 
ment depending on the survival and parallel behaviour of two isolated 
organs. 

The same constancy of the ratio of equivalent ureter and venous 
pressures is shown in Table I, where it is incorporated, under the heading 
of glomerular pressure, with the arterial pressure which remained at 
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| 
0 10 20 80 40 
Pressure (cm; of water) 


heart-lung preparation, when the ureter pressure was raised in one kidney and the 
venous pressure was raised in the other, The values of the two pressures were adjusted 
at different levels so that the urine flows of the two kidneys were kept approximately 
equal. The ratio of the ureter and venous pressures, which produce the same change 
in the urine flow, is seen to be independent of thg absolute heights of these pressures. 


the same level in any one experiment. The table summarizes the successful 
experiments performed in this connection—successful in the sense that 
only if a pair of isolated kidneys secrete at equal rates and continue to 
do so for a considerable period do they provide suitable material for 
glomerular pressure’measurements. Experiments indicating the degree 
of parallelism which may be expected in such a pair of kidneys under 
identical conditions were menanded by Canny, Verney and Winton 
[1980]. 
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- The experiments recorded in Table I provide representative values 
of the absolute glomerular pressure in kidneys isolated and surviving 


Taste I. Heart-lung-double-kidney experiments in which the urine flow of one kidney 
was reduced by raising the venous pressure, and that of the other by raising the 
ureter pressure. The pressures were chosen so as to keep the two urine flows approxi- 
mately equal. In these circumstances the ratio of the ureter to the venous pressure 
is substantially independent of the urine flow, and equal to the ratio of the glomerular 


pressure to the arterial pressure. 
Urine flow 


(c.¢./10 min.) 


Arterial 
Cf. venous Cf. ureter pressure pressure 
Exp. cm, aq.) cm. aq.) pressure pressure (mm.Hg) (mm. Hg) 
1 0 7-7 79 — 117 


0 
15-7 11-7 7-4 7:7 88 
21-5 15-6 6-7 6-8 86 
26-2 19-2 5-6 86 
31-2 23-7 2-9 2-9 89 
34-2 25-5 0-2 0-2 88 
2 0 4-2 4-2 110 
18-0 10-5 2-7 2-9 61 ie 
23-0 126 2-0 1-8 60 
27-0 15-5 1-6 1-5 63 = 
3 0 0 3:7 3-6 100 
41-3 32-5 1-0 1-0 79 - 
37-8 30-0 1-8 1-8 79 1a 
843 26-2 2-0 1-9 76 
29-5 21-6 2-3 2-2 73 | 
23-7 19-0 2-5 2-4 po 
17-4 13-7 2-9 2-8 
0 0 3-2 3-0 —_ 
4 0 0 6-4 6-3 — 120 
29-5 21-5 2-2 2-4 88 
22-7 16-5 0-5 88 
13-7 10-0 08 88 | 
5 0 0 12-0 11:8 116 
5 12-0 81 8-1 68 
21-2 14-9 70 70 72 
29-1 17-2 6-1 6-2 68 
35-1 20-3 5-3 5-2 67 
40-2 26-0 3-6 3-6 75 
6 0 0 3-2 2-8 _ 120 
24-1 15-0 1-6 1-2 15 
18-7 11:5 2-1 1-7 74 
31-4 2 0-8 0-6 78 
0 0 2-0 1-6 was 
7 0 0 3-2 3-3 116 
15-5 10-5 1-8 2-0 79 
12-5 8:5 3-0 31 79 
14:8 10-2 2-2 23 80 
18-0 13-2 1-5 1-6 85 
20-5 15-0 1-1 1-2 85 


under the conditions specified. In certain experiments the ureter and 
venous pressures were progressively raised, while in others, they were 
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> first raised to a value which nearly abolished the urine flow and then | 


progressively lowered; both procedures yielded unchanging values for 
the calculated glomerular pressures at different periods of the experi- 
ment. The glomerular pressure may therefore be regarded as approxi- 
mately constant for periods of one or two hours in the circumstanses 
named, and independent of the degree to which the urine flow has been 
reduced. 

As might be expected, the values of the glomerular pressure obtained 
in different experiments varied considerably; as a rough approximation, 
however, the pressure in the glomerular capillaries may be taken as 
about. two-thirds of that in the renal artery; the standard deviation 
from this value in the seven experiments described is about 10 p.c., and 


_ indicates the variation among kidneys taken from different animals. 


The analysis of the thirty individual values of the glomerular pressure 
can provide an estimate of the random error which is involved when 
the glomerular pressure is measured in this way. To this end, the devia- 
tion of each value from the mean glomerular pressure for its particular 
experiment is calculated, and the root-mean-square of these differences 
obtained. The standard deviation of the glomerular pressure is thus found 
to be 2 mm. Hg, and indicates the magnitude of the uncertainty due to 
imperfection of the experimental technique. The smallness of the ex- 
perimental error is in part due to the steepness of the relevant parts of 
the pressure-flow curves shown in Fig. 2. ) 


A HYDRODYNAMIC MODEL ILLUSTRATING SOME PRESSURE-FLOW 
RELATIONS IN THE ISOLATED KIDNEY. | 


In order to render the implications of the fundamental pressure 
equation of the kidney vivid enough to be of use in the further analysis 
of renal activity, I have found it convenient to consider a model such 
as that shown in Fig. 3. In it the pressures representing the arterial, — 
glomerular, venous, and ureter pressures can be varied independently 
and measured, and the impedances corresponding with the vas afferens, 
the vas efferens, and the glomerular membrane can be controlled by 
screw clips, The “reabsorption” of water from the tubules is arranged 
to be little affected by small changes of ‘‘ureter” pressure by making 
its rate the resultant of the pull of a long column of water and a small 
adjustable orifice; in the absence of any such “reabsorption” the 
“ureter” pressure would have to reach the “glomerular” pressure before 
urine flow ceased. In the kidney itself the ureter pressure would have 
to reach the intracapsular pressure before it abolished the urine flow 
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unless there were withdrawal of water from the tubules by some route 
other than the ureter. 

The significant relation between the distal ends of the tubules and 
the venules embracing them is simulated in the model by allowing the 
“urine” to pass through a thin-walled rubber tube before emerging into 


Fig. 3. Model showing how the fundamental pressure relation arises in the kidney. The 
model is an arrangement of glass and rubber tubes with water flowing through them. 
Screw clips represent the impedances due to the vas afferens, the vas efferens, and 

~ the glomerular membrane, The arterial and glomerular pressures are each recorded 
by the venous pressures. con be varied by raining 
or lowering the respective outlets. 


the “ureter,”’ and by enabling the “blood” between the “vas efferens”’ 
and the “vein” to pass through a chamber surrounding this rubber 
tube. This is effected by an arrangement like the arterial resistance in 
the heart-lung preparation [Knowlton and Starling, 1912], modified, 
at the suggestion of Dr L. E. Bayliss, so as to render the closure of 
the rubber tube complete even with small external pressures, by making 
two short longitudinal slits in the middle segment of the tube, and then 
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occluding them by sticking the sides of the tube together with rubber 


solution. 

In the model, as in the kidney, an increase of glomerular pressure 
increases the urine flow, while an increase of ureter pressure decreases it. 
A rise of venous pressure can be seen to increase the pressure recorded 
by the glomerular manometer, and yet to reduce the urine flow by com- 
pressing and so raising the back pressure in the “tubule.” Hence the 
pressures applied to the vein and ureter, which produce the same re- 
tardation of the urine flow, are different, the venous pressure exceeding 
the ureter pressure by an amount equal to the increase of glomerular 

associated with the former. An increase of ureter pressure has 
a negligible effect on the glomerular pressure owing to the urine flow 
being relatively slow compared with the rapid blood flow from the vein. 

The action of drugs on the kidney can be simply illustrated on the 
model. Caffeine increases the glomerular pressure, the urine flow, and 
the blood flow: loosen the screw-clip “vas afferens.”’ Low concentrations 
of adrenaline increase the glomerular pressure and the urine flow, but 
decrease the blood flow: tighten the screw clip ‘vas efferens.”” Higher 
concentrations of adrenaline reduce the glomerular pressure, the urine 
flow, and the blood flow: constrict the clip “vas afferens.” The no- 
threshold substances increase the urine flow by retarding the reabsorp- 
tion of water from the tubules: constrict the clip controlling the with- 
drawal of water. Pituitary extracts reduce the urine flow by increasing 
the rate of reabsorption of water: release the same clip. Substances, if 
such there be, which affect the permeability of the glomerular membrane, 
produce effects comparable with those of varying the appropriate screw 
clip. The experiments on which this summary of the action of drugs on 
the isolated kidney is based will be described in future papers. | 

This model is something more than the purely analytical class of 
model, such as that illustrating the tension-length-time relations in plain 
muscle [Winton, 1930]. Such models are intended only to describe the 
exact relations between the variables concerned, with no implied re- 
ference to how in fact the living organ brings about those relations. The 
model of the kidney here proposed, on the other hand, is less exact in 
the simulation of the quantitative properties of the kidney, owing to the 
turbulence set up where the water passes the screw clips; but it purports 
to bring about the relations concerned by anatomically parallel means, 
and to render visible the changes of glomerular pressure which are 
inaccessible to direct measurement in the kidney. Despite the drawback 
mentioned, screw clips have been preferred to stream-line resistances on 
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account of the facility with which they enable the effects of changes in 
the different resistances to be studied. 


Discussion. 
The experimental errors involved in pressure measurements of this 


kind have been found to be small, but the systematic difference between 


the pressure computed in this way and the true glomerular pressure can 
for the moment only be assessed by a scrutiny of the likely sources of 
systematic error in the fundamental assumptions concerned. Later it is 
hoped to amplify this estimate of the accuracy of the glomerular pressure 
measurement, by discovering whether consistent correlations can be 
established between its variations under experimental conditions and 
properties of the kidnéy which are believed in part to depend on it. 

In the simplifying abstraction on which the reasoning underlying the 
calculation of the glomerular pressure was based, certain properties of 
the kidney were falsified. For example, both the uriniferous tubules and 
the renal blood vessels were treated as rigid rather than distensible tubes. 


This introduces two sources of error: 


(1) An increase of venous pressure produces a greater change of 
blood-pressure near the venous end of the circulation than near the 
arterial end; the distension of the blood vessels near the venous end 
will be greater than that near the arterial ends; the associated increase of 


_ glomerular pressure will therefore be less in the kidney than it would be 


in a rigid structure. This error will increase with increasing values of the 
applied venous pressure, and is in the direction corresponding to the 
observed value of the venous presgpre being too high in proportion to 
the hypothetical rise in glomerular pressure. 

(2) An increase of pressure in the distal ends of the tubules iiiaten 
the tubules only when it is effected by increase of ureter pressure, and 
not at’all or much less so when the pressure in the whole kidney is also 
raised by increase of venous pressure; this is shown by histological 
observation of kidneys fixed after obstructing their ureters or veins; 
consequently there is a relative reduction in the pressure difference be- 
tween the capsule and the ureter when the pressure in the latter is raised. 
The estimate of the increase of glomerular pressure, due to an increase 
of venous pressure, in terms of the difference between that venous 
pressure and the ureter pressure which retards the urine flow equally, 


_is therefore in error in the sense that the measured ureter pressure is too 


high. The magnitude of the error will increase with i — values of 
the ureter pressure. 
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In the calculation of the glomerular pressure the ureter and venous 
pressures appear as a ratio; the two classes of error considered result 
in the observed values of both of these being too high by amounts which 
vary with the absolute values of each. If the error in each pressure were 
the same percentage of that pressure—a not unlikely approximation— 
the value of the ratio between the two pressures would be exactly the 
same in the rigid system from which the pressure law was derived, and 


: in the kidney which deviates from this system by including distensible 
_ tubes. The word “error” is used in this argument to refer to this 


deviation. 
Since it has been shown experimentally that the ratio of the equi- 
valent ureter and venous pressures is in fact independent of their absolute 


q : values, it may be inferred that these errors do not affect the value of 


the ratio, and that they are either too small to produce detectable conse- 
quences, or equal and opposite in their effects on the value of the 
glomerular pressure obtained by this method. A peculiar relation be- 
tween these factors, which would not affect. the value of the ratio is 
possible, but hydrodynamically quite unlikely. This contention may be 
taken to cover and to dispose of certain other possible “errors” which 
would vary with the value of the applied ureter or venous pressures. 

If Ludwig's proposition, that the height of the glomerular pressure 
is in considerable part due to the conversion of kinetic energy of the 
blood to potential energy, were true, this would introduce another class 
of error. However, if typical values of the diameter of the renal artery 
and of the blood flow, characteristic of the isolated kidney in these 
experiments, be taken, and even if it be supposed that the whole of the 
kinetic energy of the blood in the renal artery has been converted into 
potential energy represented as hydrostatic pressure in the glomerular 
capillaries, only about 2 mm. Hg can be attributed to this factor. As 
the reduction of blood flow due to the increase of venous pressure oc- 
curring in these experiments is small, the influence of this consideration 
on the method described can be regarded as an error of the second order. 

In conclusion it may be noted that the values of the glomerular 
pressure, amounting to about two-thirds of the arterial pressure, would 
be accepted by advocates of the filtration-reabsorption hypothesis as 
adequate to justify the hypothesis; but as methods of estimating the 
fall of pressure across the glomerular membrane and along the tubule 
are perhaps now in sight, it would seem unprofitable to speculate in 
detail on whether it will equal or exceed the values found for the 
glomerular pressure. 
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The simple law relating the four pressures considered above may not 
have reached its final form, and may have to be corrected if its conse- 
quences prove to deviate appreciably from quantitative properties of the 
kidney yet to be studied. In the absence of other sources of information, 
however, it provides a means of estimating the glomerular pressure and 
its variations, which may be employed with some confidence in the 


further analysis of the behaviour of the kidney without prejudging the — 


issues raised by the classical rival hypotheses concerning renal secretion. 


SuMMARY. 
1, The law governing the hydrostatic pressures concerned in the 
formation of urine may be expressed approximately in the form: 
Glomerular pressure _ Ureter pressure 
Arterial pressure © Venous pressure’ 


where the ureter and venous pressures are so chosen that, taken one at 


a time, they induce the same reduction of urine flow. 

2. This relation is deduced from the effects of raising the ureter and 
‘venous pressures and inferences from them previously recorded, and 
from an approximate hydrodynamic treatment of the blood circulation 
in the kidney. 

3. The theoretical treatment leads to the prediction that, other 
things being equal, the ratio of the ureter and venous pressures, equivalent 


in the above sense, should be constant, whatever the degree of the re- 


duction of the urine flow. This was verified in experiments on the heart- 
lung-double-kidney preparation of the dog, which are shown to justify 
the main premises on which the treatment was based. 

4. This pressure relation provides a means of measuring the glo- 
merular pressure and its variations. In the isolated kidney the glomerular 
pressure is about two-thirds of the arterial pressure. The standard de- 
viation corresponding to the random experimental error is 2 mm. Hg. 
Some possible systematic errors are considered. 

5. A model is described which illustrates how these pressure rela- 
tions are brought about in the kidney and how drugs influence the rate 
of formation of urine. 


Aticusuladamente and thanks are due to Dr L. E. Bayliss for his 
interest, to Prof. H. Levy for his advice concerning the hydrodynamic 


aspects of the problem, and to Prof. E. B. _— for his continued — 


kindness. 
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- SENSORY DISCHARGES IN SINGLE CUTANEOUS 


NERVE FIBRES, 


‘By E. D. ADRIAN, MoKEEN 
H, HOAGLAND* 


the Leboratory, Oambriiige.) 


SEVERAL investigations have dealt with the sensory impulses produced 
in the cutaneous nerves of the frog by stimulating the skin [Adrian, 
1926; Bronk, 1929; Matthews, 1929], but until recently there was 
no certain method of restricting the discharge to a single nerve fibre. 
Sharp localization of the stimulus goes some way towards this, but there 
is so much overlapping in the areas of distribution of the sensory fibres 
that we can rarely be sure of confining the excitation to one of them. 
Section of all but one of the fibres might be tried, but owing to the 
arrangement of the connective tissue in the nerves of the frog it would 
be exceedingly difficult to carry out. This lack of a convenient method 
of observing the discharge in single fibres has made it impossible in the 
past to investigate the cutaneous receptors with anything like the 
accuracy obtainable in the case of the muscle receptors, but a method 
has now been found for the end-organs responding to touch, and in this 
paper we give some preliminary results obtained by its use. 

The method was discovered by chance in an investigation of the 


impulses in sympathetic fibres [Adrian, 1930 a]. In the spinal frog if 


one of the dorsal cutaneous nerves is cut where it enters the skin and 
suspended on electrodes it is found that sympathetic discharges take 
place when various parts of the body surface are rubbed or pinched. 
The impulses are easily recognizable by their slow time relations, and 
they cease when either the spinal cord or the sympathetic ganglion chain 
is destroyed*®, But in some animals stimulation of the body surface gives 


1 Cornell University Medical College. 


* Parker Fellow, Harvard University. 


* In many preparations a light touch on almost any part of the body surface gives an 


immediate reflex discharge in the sympathetic fibres, The impulses cease when the stimulus 


is withdrawn, but with stronger stimulation (pinching) there is often a long after-discharge. 
Pinching the leg of a spinal frog produces a considerable secretion from the mucous glands 
of the skin and presumably the sympathetic reflexes are chiefly concerned with skin 


secretion. 
PH. LXXI. 
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in addition a discharge of impulses of quick time relations indistinguish- | 


able from those in the medullated sensory fibres (Fig. 1). As the im- 
pulses travel centrifugally (the peripheral connection of the nerve having 


Mig, 1. Efferent sympathetic impulses and antidromic sensory impulses. Spinal frog, 
Electrodes 7 mm. apart on dorsal cutaneous nerve, cut peripherally. 
A. Sympathetic ganglia intact. Discharge produced by rubbing the skin of the 
_ abdomen. The slow waves (sympathetic) may be due to several fibres acting more or 
less in unison. The rapid waves are dye to antidromic conduction in branching 
sensory fibres. | 
sensitivity of the recording system has been reduced by one-half. 


been cut) it was thought at first that they were reflex discharges in 
efferent fibres, but this is ruled out by the fact that they can still be 
obtained by touching the skin after destruction both of the spinal cord 
and of the chain. The is that 


the discharge is pe “axon reflex” in cutaneous sensory fibres chink 
branch near the cord, and in agreement with this it is found that it can 
only be elicited by stimulation of a small and sharply defined skin area. 
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The discharge is, therefore, an antidromic effect depending on the kind 
of arrangement shown in Fig.2. 

The arrangement is convenient for our pirpiee because it is relatively 
uncommon. The dorsal cutaneous nerves contain some fifty medullated 
fibres apiece; several hundred nerves have been examined; and about 
half of them have contained no fibres with branches in other nerves; in 
the remainder antidromic discharges are obtained. These are usually 
produced by stimulating a single small skin area, and the simplicity of 
the discharge indicates that it occurs in only one fibre. Occasionally the 
impulses are arranged in a way which shows that more than one nerve 
fibre is in action and sometimes discharges are produced from two areas 


- with each area giving the single fibre type of discharge. It will be seen 


that the nerves in which the antidromic discharges occur give an almost 
ideal preparation for the study of the touch receptors, for by recording 
the impulses in one nerve we can tell what is happening in a single fibre 
of another nerve when its end-organs are stimulated; the central con- 
nections of the receptive skin area may be left intact and the operative 
interference may be confined to regions some distance away from it. 
There is, as a rule, no doubt about the number of fibres concerned in 
the discharge; the uniform size and regular spacing of the impulses and 
the absence of any interference or summation show when we are dealing 
with only one fibre, and the findings with regard to adaptation (reported 
in the following paper) make it clear that discharges of this type are in 
fact produced by a single unit. 

When we use one branch of a nerve fibre to sample the discharge 
which passes up the other branch we are assuming that for every as- 
cending impulse in the one there will be a corresponding antidromic 
impulse in the other. Kuhne’s gracilis experiment and many others of 
the same kind show that an impulse can travel freely into the side branch 
of an axon whether it is ascending or descending in the parent fibre. 


For sensory fibres the most complete proof is provided by the grouped 


discharges which occur in injured mammalian nerves [Adrian, 1930 6]. 
The impulses in each group have a characteristic spacing, and similar 
groups are repeated at regular intervals. Since the discharge often arises 
from the side branch of a fibre it is possible to compare the groups which 
travel up the main axon and those which travel down the other terminal 
branches. No. difference can be detected, and as the impulses in the 
groups are often. very closely spaced there can be no appreciable differ- 
ence in the as and descending 
pathways. 
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In the experiments to be described the antidromic preparation has 
been used to study the area supplied with tactile endings by a single 
afferent fibre and to see whether this area remains constant under varying 
conditions, We have also made observations on the maximum frequency 


of the sensory impulses and on the reactions of the animal to sensory 


discharges of high frequency. 


OF EXPERIMENT. 

We have used only the dorsal cutaneous nerves (rami cutanei dorsi 
mediales) of the frog exposed by a median incision. If it was desired to 
record impulses coming directly from a skin area, the central end of the 
nerve was tied with silk thread and cut close to its entrance into the 
dorsal muscles, while for antidromic impulses the nerve was tied and 
cut near its entrance to the skin. In either case the free end of the nerve 
trunk was drawn into a short piece of glass tubing containing silver-silver 
chloride leads, while the other extremity was left attached to the animal. 
Action potentials were recorded by means of a Matthews oscillograph 


and valve amplifier. A few of the experiments were made with the — 


apparatus usually employed by one of us (E. D. A.), but for the majority 
we used an alternative system which has been set up in a room of its own. 
The amplifier is of the standard pattern supplied by the Clifton Instru- 


ment Company, and records are made on a bromide paper camera which — 


is combined with a rotating mirror of the type described by Forbes 
[1924] by means of which the individual impulses can be viewed on a 
screen. The rotating mirror is mounted directly above the camera on a 
level with the eye, and part of the light from the oscillograph mirror is 
deflected on to it by a train of prisms. Both camera and mirror are 
driven by an electric gramophone motor which runs at a constant speed 
and can be engaged with the camera mechanism by a friction pulley. 
With this arrangement the experimenter can observe the impulses as 
they would appear if recorded on a surface moving at 2 m. a sec. and 
can make permanent records at speeds up to 20 cm. a sec. Provision 
has been made for fitting a second camera below the first for high speed 


recording, but this has not yet been added. As a further aid to the study 


of the nerve discharge the amplified potential waves were also converted 
into sound (cf. Adrian and Bronk [1929]). 

For mapping the areas supplied by a given sensory nerve light strokes 
with a feather were used to stimulate the skin endings. It was desired, 
however, to employ a method by means of which repeated stimuli of 
definite intensity and ey could be applied. In a few of the earlier 
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experiments repeated stimulation was secured through a light bristle 
attached to a tuning fork, but this was soon discarded in favour of an 
interrupted air blast. Preliminary trials showed the latter to be an 
adequate stimulus to the end-organs of the frog’s skin, the rate of dis- 
charge following the frequency of interruption over a wide range. The 
same principle has been employed by Allen and Hollenberg [1924] 
in & study of human sensory preception. 

The air jet was formed by passing air at a pressure between 500 and 
800 mm. of mercury through a glass nozzle having a diameter at the tip 
of approximately 0-2 mm., and in most of the experiments placed 15 mm. 
from the surface of the skin. For interrupting the jet of air celluloid 
discs containing slots were revolved in front of the nozzle. For this | 
purpose an ordinary dental drill was employed, the slotted discs being 
substituted for the grinding surfaces employed by the dentist. These 
dises were 26 mm. in diameter with notches cut at the periphery imme- 
diately behind which the air nozzle was mounted. The intensity of the 
stimulus can be controlled by changing the distance between the nozzle 
and the preparation or by altering the air pressure, and the frequency 
of stimulation can be altered by changing the speed of rotation or by 
varying the number of slots contained in the disc. The duration of the _ 
individual stimuli (air blasts) is controlled by the width of the slots in 
the dise and by its rate of rotation. In the present experiments we have 
employed frequencies of stimulation up to 400 per sec. The apparatus 
should be capable of giving higher rates, though at high speeds of rota- 
tion the vibration of the moving parts may be troublesome. 

In the earlier experiments the air was saturated with moisture to 
prevent drying, but later the skin was painted with liquid paraffin which 
rendered this precaution unnecessary. 


Area supplied by the dorsal cutaneous nerves. 


The number of dorsal cutaneous nerves on each side is usually be- 
tween six and eight, though occasionally there are as few as four. The 
distribution of the tactile endings connected with each nerve can be 
outlined by stroking the skin with a feather and recording the nerve ~~ 
impulses with a loud speaker. The results of a typical experiment are 
shown in Fig. 3. In general one of these nerves supplies a portion of 
skin on the dorsal surface having an area of between 0-5 and 2-0 sq. cm., 
but varying greatly in different preparations. These areas extend well 
over the dorsal median line, and to the mid-lateral region in an irregular 
band. There is also extensive overlapping of the areas supplied by ad- 
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jacent dorsal nerves, so that usually any point on a major portion of the 
skin in the dorsal region gives sensory fibres to two or more dorsal nerves. 
Since there are also endings connected with the dorsal fibres on the other 
side and presumably with the lateral cutaneous branches on the same 


side, itis safe to conclude that sensory stimulation of any area results 


in the passage of impulses to the central nervous system through a 
variety of peripheral pathways. 
- There is always a central portion in the area supplied by a nerve in 
which a given stimulus produces a maximal discharge indicating the 
involvement of a large number of sensory fibres. Towards the periphery 
the number of endings thins out, and at the margins the electrical 
response shows that only a very few nerve fibres are responding. 


Wig. of by four doreel 
cutaneous nerves in a typical experiment. 


Area supplied by single sensory nerve fibres. 

After placing leads on the central portion of one of the dorsal cu- 
taneous nerves cut near the skin the whole skin surface is systematically 
explored with a feather. If a receptor is stimulated whose fibre gives 
off a branch to the nerve under examination it will, of course, be apparent 
by the action potentials. In certain frogs every dorsal nerve has given 
an antidromic discharge in response to the stimulation of some skin 
area, while in others every nerve has failed to respond. In roughly 
10 p.c. of the nerves giving antidromic discharges these have been pro- 


duced by stimulating two distinct areas, but the impulses from each 


area form a single series and are presumably conducted by a single fibre. 
An example of this arrangement is shown in Fig. 4. 
The position of the area giving rise to antidromic impulses in any 
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the areas giving antidromic impulses did not correspond to this dis- 
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nerve bears a definite relationship to that nerve. )It is alwaya.on’the 
same side of the animal and usually at approximately the! same:spinal 
level as the main area supplied by the nerve under observation. » At this 
level the areas appear in three chief locations as follows: (1) in the region 
of the thickened line marking the attachment of the dorsal septum; 
(2) on the ventral surface 2-8 mm. from the median line; and (3) less 
frequently in the mid-lateral region. The size of the area supplied by a 
single nerve fibre is exceedingly variable, but in most of the preparations 
examined it falls between 4 and 100 sq. mm. Its shape is irregular but 
usually elongated in an anterior-posterior direction. When located in the 
dorsal region it usually occupies a strip about 3 mm. wide and 8-14 mm. 
long along the line marking the attachment of the dorsal septum. In 


Fig. 4. Areas giving an antidromic discharge in a dorsal cutaneous nerve in one experi- 
ment, Each area shows the distribution of tactile endings from a single nerve fibre. 


addition to this the same sensory nerve fibre also supplies an area in the 
dorsal region, through the axon branch in the dorsal nerve from which 
the action potentials are recorded. This last area is of course indeter- 
minate, owing to the nerve containing this branch having been cut 
peripherally. | 
The position of the areas giving antidromic impulses in a particular 
nerve trunk suggests that the branching fibres -do not supply regions — 


outside the area of distribution of a single spinal nerve. Cutting the 
other dorsal cutaneous nerves does not interfere with the discharge, and 


in all probability the branches are confined to the various medial and 
lateral rami of the spinal nerve. It should be recorded, however, that 
out of several hundred preparations three have been observed in which 
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tribution. In one of these the discharge ceased when the cord was pithed, 
and its exact nature is uncertain. 

There is no reason to suppose that the widespread distribution of the 
sensory endings of a single fibre will necessarily interfere with the exact 
localization of a stimulus. Owing to the overlapping of the area of 
distribution of different fibres the stimulation of any point on the skin 
will cause impulse discharges in several fibres, and the particular com- 


bination of fibres in action, together with the relative intensity of the — 


discharge in each, would supply all the data needed for localization. — 


Constancy of areas. 

In view of the evidence brought forward by Waterston [1923] and 
by Allen and his collaborators, indicating a fluctuation of activity of the 
sensory endings in the skin of man under various conditions, there was 
a remote possibility that the receptive areas in the frog’s skin might 
vary from time to time according to the state of the animal. 

In a number of decerebrate frogs areas supplied both by a single 
nerve trunk and also by single nerve fibres have been observed from 
time to time over a period of several hours. In no instance has any 
change been discovered. By using the antidromic response it is possible 
to leave intact all efferent connections to the area under investigation, 
and it can be subjected to a reflex discharge of sympathetic impulses 
by stimulating other skin areas or by pinching the legs, but these pro- 
cedures, and also the subcutaneous injection of adrenaline, have been 
without influence on the area responding to stimulation. 

In several of the earlier experiments what seemed to be a definite 
increase in area occurred when the spinal cord was destroyed. Efforts 
to verify this observation in a series of about twenty frogs have not 
been successful, or have at most resulted in but a slight increase in the 
area responding to stimulation. The earlier observations are still un- 
explained, but we are inclined to account for them through an accidental 
change in the position of the leads on the nerve such that an additional 
nerve fibre has been included. The slight spreading of the area occa- 
_ sionally observed after pithing is probably associated with the general 
relaxation of the underlying muscles, resulting in a more readily movable 


skin and an apparent increase in excitability. This point is considered — 


further in the paper on adaptation which follows. 


Our methods are inadequate to detect slight changes in the sensi ity 


of the skin, and these might well follow from the mechanical effec 
resulting from sympathetic discharges to blood vessels and skin glands 
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and possibly from a direct effect of the sympathetic discharge on the 
sensory endings, but we have no doubt that the nerve endings re- 
sponding to touch are grouped into a series of distinct areas each supplied 
by a single nerve fibre. The areas overlap one another, but each area is 
perfectly definite and is determined presumably by the anatomical dis- 
tribution of the nerve fibre terminations. For the touch receptors there 
is no indication of a peripheral network intervening between the sense 
organs and the sensory fibres and directing the sensory discharge now 
along one fibre and now along another according to the — state — 


of the network. 
| Frequency of discharges. | 
In earlier work on the skin receptors [Adrian and Zotterman, etc.] 
the maximum frequency of the impulse discharge in a single fibre was 
left uncertain, but it was thought that it would not exceed the figure 


Fig. 5. Antidromic preparation. Receptive area stimulated by touching with a brush. | 
The record shows a group of impulses at a frequency just under 200 a sec. 


obtained for the tension receptors in frog’s muscle, namely 100-150 a sec. 
This figure was based on an extrapolation which Matthews [1931] 
has now shown to be unjustified, for he finds that rapid extension of a 
muscle will give discharge frequencies as high as 250 a sec. in a single 
fibre, 7.e. frequencies which are very near the maximum carrying capacity 
of the fibre. The present technique makes it possible to obtain accurate 
values for the frequency of discharge from the cutaneous receptors, and 
we find that they too can be made to give frequencies up to the limiting 
capacity of the nerve fibre. An example of a high frequency discharge 
is given in Fig. 5 from a record made with the antidromic preparation 
and photographed with a high speed camera. The skin was stimulated 
by rubbing with a camel hair paint brush, and a group of impulses is 
shown evenly spaced at a frequency of 200 a sec. As this method of 
stimulation is naturally incapable of accurate control a further study 
was made by a with air currents produced i in the way described 
on p. 381. 
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ia Casimeees air blast. It was known that, the touch receptors be- 

come vety. rapidly adapted to a constant stimulus, and it was therefore 

to’ be expected that a continuous air blast would call forth but few 

impulses. Actually it was found that when the air was turned on by 

opening the stopcock, cessation of activity occurred in less than one-fifth 


of a second and the discharge consisted of only from four to twelve 


impulses. In this case the application of the stimulus was not instan- 
taneous because of the time required to open the stopcock. and develop 


Fig. 6. Antidromic preparation. Records showing how the response depends on the rate 
| of development of the stimulus. 

_ Above. Continuous stream of air applied by opening stopcock. 


front of the air jet. The shift in the base line (slow upward movement) marks the 
duration of each period of stimulation. 


the full pressure at the tip of the nozzle. When the air was applied by 
quick removal of a screen from in front of the air jet the number of 
impulses was reduced to three or less, and usually to only one. In Fig. 6 
_ is given a record from a preparation responding to a continuous blast 
of air with the greatest number of impulses we have ever observed. The 
lower record shows the reduction in the number of impulses which 
occurs when the air was applied suddenly by turning a wide-slotted disc 
before the air jet. These observations indicate that impulses are set up 
only during the actual period of movement of the skin although the air 
pressure is great enough to cause a visible pitting of the skin to a depth 
of several millimetres during its application. It will be seen that the 


4 
x 
‘ 
4s . 
* : 
a 
¥ 
om 
3 
ae 


CUTANEOUS NERVE IMPULSES. _ 387 


‘cutaneous regions adapt so rapidly that their reactions to mechanical 


stimulation are comparable with those of a nerve fibre to an electric 
current. There 18 a further likeness in the fact that a certain abruptness 
is essential to stimulation. With a nerve fibre it is well known that the 
rate of increase of thecurrent must exceed a certain “liminal gradient” 
if it is to excite, and with the cutaneous receptors we find that if the 
air current is turned on gradually over a period of several seconds it 
can be made to rise to its full intensity without the production of a single 
impulse. In the cat the sensory edings activated by movement of the 
hairs behave in the same way; i.c. impulses are only set up during the 
actual movement of hairs and a very slow movement may be without 


effect. 


(6) Intermittent air blast. With repeated air blasts of short duration 
produced by the rotation of the slotted disc in front of the air jet a 
series of antidromic impulses are set up in the single nerve fibre pre- 
paration, and these may follow the rate of interruption for long periods 
if the frequency is not too high. When it is very high the frequency of 
the discharge does not keep pace with that of the stimulation except at 
the outset. The conditions which determine this decline are described 
in the following paper, and for the present it is enough to state that for 
short periods the frequency may be made as high as 250-300 a sec. by 
stimulating at these rates. This approaches very closely to the maximum 
frequency which can be obtained by repeated electrical stimulation of a 
frog’s nerve, and in the following paper it will be shown that the skin 
receptors can be made to set up two impulses spaced so closely that the 
second is greatly reduced in size compared with the first owing to the 
incomplete recovery of the nerve fibre. An example of a high frequency — 
discharge produced by the intermittent stimulus is given in Fig. 7. , 

‘It is clear then that the cutaneous receptors, like the muscle re- 
ceptors, can discharge at a higher frequency than that originally sug- 
gested as the maximum value. It is clear too that the receptors them- 
selves are capable of intermittent activity at these high frequencies. 
Matthews has pointed out that in the stretch receptors of the frog’s 
muscle high frequency discharges might perhaps be caused by a con- 
tinuous active state in the end-organ which would set up intermittent 
activity in the nerve fibre at a rate depending on its refractory period. 
In the cutaneous receptors, however, when the stimulus is intermittent 
the activity of the receptors must also be intermittent, since the fre- 
quency of the discharge agrees with that of the stimulus. Thus the 
cutaneous receptors must react as rapidly or almost as rapidly as the 
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nerve fibre itself, and we must abandon the view that the absolute re- 
fractory period of end-organs is in general longer than that of their 


nerve fibres. 
Effects of high frequency sensory discharge. 
The interrupted air blast gives us a means of producing discharges 


of very high frequency in certain cutaneous nerve fibres, and although — 


there is a progressive decline thé discharge can be maintained for several 
seconds at frequencies in the neighbourhood of 150 a sec. The afferent 
' mechanism producing painful sensation (or a corresponding response) 
has been the subject of much discussion, and one suggestion which has 


been advanced is that such effects are caused by long continued or high | 


Fig. 7. Antidromic preparations. High frequency discharges produced by intermittent 
air current. In the upper record the frequency averages 140 per sec. for the first 
half second, in the lower it is 310 for the first fifth of a second. The irregularities in 
the rhythm may be due to unsteady running of the stimulating apparatus. 


rates of discharge in fibres which can also produce non-painful sensation 
when the discharge is not so great. This suggestion can evidently be 
tested as far as concerns the particular nerve fibres which discharge 
when the skin is stimulated by the air blast. 

When an intact and active frog is placed beneath the nozzle a single 
blast of air does not elicit a response, a result which harmonizes with 
the fact that this stimulus causes but very few afferent impulses. An 
interrupted blast which, judging from experiments on decerebrate pre- 
parations, causes discharges in a number of sensory fibres, each at a rate 
up to two or three hundred a second, frequently causes minor move- 
ments of the eyes and limbs, and occasionally general movements effec- 
tively removing the animal from the source of stimulation. More often, 
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 ~ however, the frog continues to sit quietly after perhaps initially making 
a few small movements and remains thus indefinitely during the applica- 
tion of the high frequency series of stimuli. In striking contrast is the 
vigorous response evoked by a slight pin prick. 

It follows that the nerve fibres connected with the tactile endings do 
not produce pain, although they are made to conduct a discharge of 
long duration at a frequency not much below the maximum which the 
fibre can tolerate. This result is, of course, in agreement with the views 
which are generally held as to the specific functions of different fibres 


and end-organs. The nerve fibres concerned are most probably the larger — 


medullated fibres, for Matthews [1929] has shown that in the nerves 
of the frog’s leg the impulses from tactile receptors travel at a rate of 
about 15 m. a sec. at 15° C. This corresponds with the rate of conduction 
of the B fibres in Erlanger and Gasser’s group A [Erlanger and 
Gasser, 1930]. The end-organs seem to be confined to the epidermis, 
for if this is seraped away with a sharp knife the usual tactile discharge 
is no longer obtainable’. But we might expect that such treatment 
would produce pain, and it is interesting to find that scraping the skin, 
although it destroys the mechanism of the normal tactile response, results 
in a persistent discharge of small waves travelling at a much slower rate. 

Slow waves have been noticed in earlier work on skin discharges, 
and one of us has found that they are regularly produced by applying 
weak acid to the frog’s skin [Adrian, 1930a]. We can now add that 
they are produced by scraping, crushing or burning the skin as well as 
by chemical irritants. The great difference between these slow potential 
waves and the large, rapid waves of the tactile discharge may be seen 
in Fig. 8. A limited area of the epidermis was removed with a knife 
a few minutes before the record was made, and at the moment of re- 
cording an undamaged part of the receptive field was touched with a 
brush to produce the tactile impulses. Owing to the high amplification 
the base line shows the usual small, irregular fluctuations which are 
caused by the unsteady emission of the first valve, but the slow waves 
can be clearly distinguished by their uniform size and shape. They are 
diphasic, but owing, probably, to the varying cross-section of the nerve, 
the first phase is less prominent than the second. In the rapid waves 
the two phases follow one another so closely that each response appears 
as a narrow vertical line, but the deflection is very much larger in spite 


1 If the epidermis is completely removed and the corium exposed the normal tactile 
does not return, but if only the surface layers are destroyed the response ceases 
for » time, but eventually some points in the damaged area regain their excitability. 


IFAS 
‘ ow 
t 
& 
t 
aS 
5 
\ 
a 
+ 
4,3 
; 
wry 


890 E.D. ADRIAN, McKEEN CATTELL AND H. HOAGLAND. 


of the interference of the effects at the two electrodes. The great difference 
in time relations suggests that the fibres responsible for the slow waves 
belong to the C group of Erlanger and Gasser. As'they have shown, 
the fibres of this group have many of the properties which we should 
expect to find in a system concerned with pain, though it is unlikely 
that it is the only system concerned, since there is evidence that some 
pain reactions are evoked by fibres which conduct more rapidly [Piéron, 
1929; Adrian, 1930 6}. | 

These results raise many further points on “which the experimental 
data are still incomplete and a more detailed discussion of the pen 
mechanism or mechanisms would go beyond the scope of this pap: 
For the present the only conclusion which we can safely draw is t at 


Fig. 8. Slow impulses dne to injury y and rapid impulses due to tactile receptors. Electrodes 
5 mm. apart on dorsal cutaneous nerve cut proximally. Epidermis scraped away from 
part of the recéptive area. The rapid impulses are produced by touching the intact skin. 
_ small, irregular movements due to the amplifier. 


a high frequency and a long duration of the dictidige from the skin 
not alone to cause 


SuMMaRY. 

1. The impulse discharges in single nerve fibres from the tactile re- 
ceptors can be studied in the dorsal cutaneous nerves of the frog.’ Many 
of these nerves contain a single fibre which has divided near the cord 
and sent branches into two nerve tranks. On stimulation of the receptive 
skin area supplied by one branch, antidromic impulses pass down the 
_ other branch and can be recorded in the nerve trunk in which it runs. 
~ 2. The skin area supplied by a single fibre of the dorsal cutaneous 
nerves varies from 4 to 100 sq. mm., but in a given preparation the area 
remains constant despite various physiological changes induced. in the 
frog. There is considerable overlapping of the areas supplied by different 
fibres, but no evidence of a peripheral network common to several. fibres. 
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3. The tactile endings become adapted very rapidly: impulses are 
only set up during the actual movement of the skin and a very slow 
movement may fail to excite. Skin vibration caused by an intermittent 
air blast produces discharges of Ieng duration and high frequency. 

4. The frequency of discharge in a single nerve fibre may be as high 
as 200-800 a sec. This approaches the maximum frequency which the 
fibre can carry. The ‘view, put forward previously, that the sensory 
endings have a longer absolute refractory period than their nerve fibres 
is incorrect. 

5. Stimulation with an air blast interrupted at a high frequency does 
not give rise to pain reactions in an intact or decerebrate frog in spite of 
the maximal discharge which would be set up in the sensory fibres. 
Thus the endings responding to this form of stimulation do not produce 
pain when the discharge frequency is very high. 

: 6. The endings in question are situated in the epidermis, for the dis- 
_ charge can no longer be obtained after this has been scraped away. 

This treatment sets up a continued discharge of slow impulses indis- 
tinguishable from those produced by acid on the skin. 


the Royal Society. 
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- RESPONSE OF TACTILE RECEPTORS TO 
INTERMITTENT STIMULATION. 


By McKEEN CATTELL! anv HUDSON HOAGLAND*. 


(From the Physiological Laboratory, Cambridge.) 


THE preceding paper [Adrian, Cattell and Hoagland] describes a 
preparation of the dorsal cutaneous nerves of the frog which enables us 
to record the action potentials in single nerve fibres from receptors in 
the skin. One of the methods of stimulation employed—an interrupted 
air blast—makes it possible to study the response to a rapid sequence 
of stimuli and the present paper deals with certain aspects of this 
response, To some extent the investigation is complementary to those 


of Bronk [1929] and of Matthews [1931 a] on the stretch receptors 


in muscle, for like theirs, it is chiefly concerned with the gradual failure 
of the response under continued stimulation, but the nature of the 
stimulation differs considerably from that used in previous investiga- 
tions of the sensory discharge. The muscle receptors become very slowly 
adapted to a steady stimulus and most of the work on them deals with 
the response to continued stretch, its relation to the intensity of the 
stimulus and its gradual decline with time. The receptors in the frog’s 


skin behave much more like an ordinary nerve fibre, they become 


adapted almost at once to a steady stimulus, and we are here concerned 
with the failure of the response to rapidly repeated stimuli. We have 
attempted to determine some of the factors which contribute to this 
failure, and it will be shown that both the stimulus and the resulting 
activity may be held responsible. 

The method of experiment is identical with that described in the 
preceding paper. Leads were placed on one of the dorsal cutaneous 
nerves of the frog cut near the skin, to record the antidromic impulses 
which are often produced in a single fibre by stimulation of some cu- 
taneous area. The action potentials were amplified and then recorded 
with a loud speaker and a Matthews oscillograph used with a rotating 
mirror and camera. Stimulation of any desired frequency, duration or 
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intensity was secured by applying to the skin surface a jet of com- 
pressed air, interrupted by a toothed disc revolved by a motor. 


Adaptation to repeated stimuli. 

With repeated air blasts of short duration, i.e. less than about 5c, _ 
but a single impulse is set up for each puff of air. If the frequency of 
stimulation is sufficiently great the end-organ soon fails to follow every 
stimulus, more and more impulses being dropped out until finally the 
response ceases entirely. This failure may properly be classed as an 


120%— 


Oo 2 4 6 8 10 12 14 16 18 
Time, sec. 


Fig. 1. Two examples of the decline in frequency to intermittent air stimulation deter- 
mined by counting the number of impulses in each } sec. period. In each case the 
disc employed gave stimulation durations of 1 ¢ alternating with rest periods of 
5-7 ¢ and a stimulation frequency of 150 per sec. throughout. 


instance of sensory adaptation and we shall refer to it as such in the 
present communication. Typical curves showing the decline in the fre- 
quency of the response to repeated stimulation are given in Fig. 1. 
Unless the stimulation rate is very great the rhythm of the discharge 
keeps pace with that of the stimulus for a time, but sooner or later 
occasional impulses are dropped out, after which the decline in frequency 


tay be very rapid. Still later, however, the curve flattens out and in 


many preparations tends to assume a steady value for a time. In this 
way impulse discharges may continue for half a minute or more at a 
PH. LXXII. 26 
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slow rate of from 1 to 10 a sec. In other instances the response follows 
the stimulus for a time and then ceases abruptly. 

The rate at which adaptation proceeds depends upon the frequency 
of stimulation and the duration of the stimuli (width of slots in discs) 
in relation to the intervals between them. With narrow slots and but 
few of them in a disc the preparation may continue to respond for long 
periods, possibly as long as the tissues remain in gocd condition. For 
example, in one preparation, photographs from which are shown in 
Fig. 2, the first break in the rhythm of the response did not occur until 
after 70 minutes of stimulation. In this case there were three small slots in 
the disc each giving a stimulus duration of 1-50, while the ratio of total 


Fig. 2, Example of a preparation showing no adaptation over a period of 70 min, stimu- 
lation with a disc giving groups of three closely spaced impulses. A, record 2 min. 
after the beginning of stimulation, and B, 62 min. later. The camera speed and 
_ ‘Magnification of the impulses was changed in the interval between the two records. 
Time marker in all records gives } sec. intervals, 


stimulating to resting time was 1 to 10. The disc was rotated 18 times 
per sec. giving a stimulation rate of 54 per sec., so that the end-organ 
in question responded more than 200,000 times before the first failure 
occurred, In a typical case quite the reverse of this is observed when 
the rest periods are short in relation to the duration of the stimulus, 
when commonly it requires but a few seconds before adaptation manifests 
itself in the failure of the endings to follow the stimulation rate. _ 
These results are typical of a majority of preparations, but wide 
variations are met with. Not infrequently adaptation occurs quite 
rapidly even with a disc having but a single narrow slot and rotating 
slowly (15-25 times per sec.); conditions which are usually favourable 
to dientcamnian response. In others the response may persist for some 
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minutes to a disc giving a high ratio of stimulation to resting time— 
a dise which in a typical preparation excites only a few impulses. 


The effect of the stimulus. . 

The more rapid failure which occurs when each stimulus is of long 
duration might be due in part to the nature of the movements produced 
in the skin. When the rest intervals are increased with respect to the 
duration of the stimulus (the frequency of stimulation remaining con- 
stant) the greater opportunity for relaxation which occurs in the interval 
may increase the effectiveness of the stimuli. But it is more likely that 
the effect is due to a true adaptation of the receptors to the stimulus. 
As was noted in the preceding paper a constant air blast is not an 
effective stimulus to the skin, impulses being set up only at the moment 
when the air is turned on. But although it does not produce a continued 
discharge, a constant air blast has a marked effect on the response to 
a subsequent period of repeated stimulation. This can be demonstrated 
by observing the effect of a period of continuous air stimulation on the 
adaptation rate to a particular disc giving a series of interruptions. For 
example, in one experiment typical of a series, complete failure occurred — 
uniformly with a given disc in 8-5 sec., but immediately following a 
period of 15 sec. of continuous air stimulation, which initially set up 
only one impulse and was followed by no further activity, rotation of 
the same disc was quite without effect. After a rest period of 1 min. 
the adaptation time was again approximately 8 sec. In some experi- 
ments after stimulation with a continuous air blast two or three impulses 
have been recorded at the time the slotted disc started rotating, but 
invariably adaptation to the intermittent stimulus has been practically 
complete after a sufficiently long preceding period of continuous stimu- 
lation. Other illustrative examples follow: 

Example 1. The time to the first break in rhythm as observed through the loud speaker 
in two control tests was 7 and 6 sec. respectively, while the time to the “end” (discharge 
rate less than 1 per sec.) was 16 sec, and 14 sec. A continuous blast of air was now applied 
for 15 sec., immediately following which the control intermittent stimulation gave no 


response. One minute later the same stimulus gave 5 sec. to first break in rhythm and 
12 sec. to end, 

Example 2. Control intermittent stimulation gave “break” in 1-5 sec. and “end” in 
10 sec. Following 15 sec. of constant air, intermittent stimulation caused a discharge 
lasting about 2 sec. to end. Following 45 sec. of constant air, intermittent air gave no 
response, One minute later time to break was 3-4 sec, with end at 15 sec. 


By turning on the continuous blast of air gradually it is possible to 
cause the end-organs to become completely adapted to subsequent inter- 
26—2 
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mittent air stimulation without causing the discharge of a single impulse. 
This experiment demonstrates in a striking manner the fact, previously 
indicated by the observations of Adrian and Zotterman [1926] with 
' gradually increasing stimuli on the discharge of the muscle receptors, 
that an important element in bringing about adaptation is the stimulus 
apart from the response. This fact may be further demonstrated by 
comparing the adaptation time to two discs, each having the same 
number of slots, but the slots being narrower in one and thus giving 
stimuli of shorter duration. In such experiments, for example, with discs 
giving stimulation periods of 5-60 and 1-5e, it was regularly found that 
the discharge of impulses continues much longer with the narrow slotted 
disc (short stimulation time) although the number of impulses per unit 
of time was in each case exactly the same. By adjusting the intensity 
of the stimulus (air pressure) it is usually possible to employ discs which 
cause adaptation to take place within a few minutes with the wide slots, 
but which result in no appreciable adaptation with the narrow slots, 
impulse discharge continues indefinitely. 


Variation in adaptation rate. ; 


It follows from the preceding section that with a constant air blast 
and most probably with repeated air blasts of moderate duration the 
failure of the response is due to a failure of the stimulus to excite the 
receptor rather than to an exhaustion of the receptor by repeated activity. 
Thus the rate of adaptation will depend on the effectiveness of the 
stimulus, and this may vary considerably from one preparation to another. 
_ Since the effective stimulation of the receptors has been found to depend 
upon a distortion of the skin, a probable element influencing the excita- 
bility to air currents is the degree of support and looseness of the skin. 
In general such a correlation was observed, that is in those animals 
having loose, easily movable skin a response was obtained with greater 
ease than in preparations having a relatively tight skin. Moreover, it 
was generally found that areas in the dorsal region, which are supported 
by the underlying bony structures, are less sensitive than those on the 
ventral aspect. Occasionally dorsal areas have been observed which gave 
no response whatever to stimulation by air, although impulses were 
readily produced by stroking with a feather. Another factor having a 
bearing on the response is the angle at which the current of air impinges 
on the skin. The effectiveness of the stimulus is improved by causing it 
to meet the skin at an acute angle or even roughly tangent to the surface, 
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a result which is presumably due to the application of pressure along a 
plane in which the skin has greater freedom of movement. 

In the previous paper some consideration has been given to the 
question of whether or not there are normal variations in the functional 
response of the receptors as the result of nervous influences, and mention 
was made of the fact that destruction of the cord was observed to increase 
the excitability of the preparation to intermittent air stimulation. The 
problem was attacked by measuring the adaptation time with a disc 
selected to give complete adaptation in from 5 to 15 sec. in the particular 
preparation under observation; the cord was then destroyed and the 
adaptation time to the same disc again determined. Quite regularly the 
preparation continued to respond to the stimulus for a time from fifty 
to several hundred p.c. longer than before the cord was pithed. The 
results from several experiments are given in Table I. They have been 
selected as typical from a series of twenty experiments. 


Taste I. The effect of destruction of the cord on the adaptation time of the skin receptors. 
Tests were given at uniform intervals of 1 min. Under the heading “break” is given 
the duration of the discharge to the first audible change in rhythm, and under the 
heading “end” the time till the rate dropped to a frequency of about 1 per sec. 
- Numbers represent seconds in a series of several trials. 


Before destruction of cord After destruction of cord 
Break End End 
ae 10, 10 1-0, 1-0 38, 10, 10 55, 18, 16 
2 3-5, 0- 1-0 7, 06, 40 7-5, 3-0 1 ee 
3 20, 15, 10 15, 14, 12 16, 10, 15 


In some instances the increase in the duration of the discharge fol- 
lowing destruction of the cord has been very much greater than in the 
examples given, while in a few instances the change has been negligible. 
With the disappearance of tone following destruction of the cord, the 
normal elasticity of the underlying muscles is lost resulting in a loose, 
easily movable skin. We are inclined to believe that the increase in 
excitability to intermittent air stimulation is to be explained on the 
basis of more effective stimulation due to the relaxed condition of the 
skin rather than to a specific change in the receptors themselves. 


| The effect of activity. 

That adaptation of the skin receptors of the frog may occur inde- 
pendently of the setting up of nerve impulses has been shown by the 
experiments with a constant stream of air. We have now to consider 
whether the actual discharge of impulses modifies the working of the 
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receptor in any way. Previous investigations have left this an open 
question, but the wide distribution of the receptors served by a single 
fibre in the frog makes it possible to stimulate different groups of re- 
ceptors independently and to determine the effect of impulses conducted 
antidromically towards a particular group. | 

In order to stimulate two adjacent skin areas supplied by the same — 
nerve fibre, successively or together, a second nozzle was mounted close 
to the first, the two being equidistant from the centre of rotation of the 
disc. The adaptation time was first determined for a convenient disc for 
each of the two areas separately. Then, after the usual rest period of 
1 min., one area was stimulated again until it ceased to respond, after 
which the stimulus was suddenly shifted to the other area, with no rest 
between, and the adaptation time was again measured. Invariably 
stimulation of the adjacent region resulted in a marked shortening of 
the adaptation time, in fact the response was usually reduced to a few 
impulses. Since the two areas are close together it was possible that the 
result was due to a spread of the air currents from one to the other. This 
appeared improbable because the air stimulus must be localized with 
considerable precision in order to produce a response. Nevertheless the 
experiments were repeated with one edge of a strip of stiff paper resting 
on the skin surface and extending in a vertical direction between the 
air jets, thus entirely separating the two air currents. This procedure had 
- no influence on the result. The final proof that the impulse alone is 
responsible for the adaptation in neighbouring areas was supplied by 
the following experiment. 

As previously described it is possible to produce complete adaptation — 
to the intermittent stimulus with a constant stream of air without setting 
up any impulses. Adaptation so produced could have no influence on 
other areas, provided the technique employed is not faulty. Actually it 
was found that a constant air blast produced no change whatever in the 
adaptation time of the second area, although when impulses were set up 
from the first area in the same preparation the second area became 
adapted as usual. Protocols illustrative of these various experiments 
follow: | 

With two air jets either intermittent or continuous air blasts were applied to either 
half (A or B) of an area supplied by a single sensory fibre. Preparation 1. Adaptation time 
to a given intermittent stimulus was for part A, 13 sec. till first audible break in rhythm, 
and 45 sec. to end (i.e, period required for frequency to drop below 1 per sec.). The values 
for part B were 1-5 sec. and 7 sec. respectively. Intermittent stimuli were applied to A 
for 15 sec., after which stimulation was shifted without an intervening rest period, to B. 
The first break now took place in 0-2 sec. and the response ended in 3 sec., but after a 
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rest period of 1 min. these values increased to 3-0 sec. and 8-0 sec. practically the same 
as the control values. A constant blast of air was now applied to A for 30 sec., which 
produced only one impulse; immediately following, the intermittent stimulus to B gave 
the first break at 2-0 sec. and the end at 8-0 sec. Preparation 2. Control values for inter- 
mittent stimulation: Part A, 1-5 sec. to break and 7-0 sec. to end; Part B, 2-5 sec. to 
break and 7-0 sec. to end. The stimulation was applied to A for 15 sec., following which 
the same stimulation applied to B gave no response whatever. After a rest period of 
1 min. the times were 2:5 sec. and 7 sec. A constant blast of air was now applied to A 
for 30 sec. without the production of any impulses, following which intermittent stimu- 
lation applied to B gave 2-2 sec. to break and 7-0 sec. to end. 


The results obtained with preparation 1 show that the early failure 
of the second group of receptors (B area) is not due to a failure on the 
part of the nerve fibre common to the two groups, With stimulation 
at A the discharge persisted for 45 sec., t.e. the nerve fibre must remain 
able to conduct impulses for this period. But after 15 sec. stimulation 
at A the discharge from B failed after 3 sec. Thus the failure at B must 
be due to something taking place either in the receptor itself or possibly 

‘in the terminal branch of the nerve fibre which leads to it. But the 
latter possibility is exceedingly unlikely, for although repeated activity 
may cause an increase in the refractory period of a nerve fibre it could 
scarcely reduce the frequency of the impulses to less than one a second. 

These experiments show that nerve impulses reaching the skin re- 
ceptors antidromically may make them fail to respond to stimulation 
which was previously effective. In this the results have a certain likeness 
to the recently published observations of Eccles and Sherrington 
[1931] showing that impulses reaching the anterior horn cells anti- 
dromically through the motor fibres wipe out any pre-existing excited 
state. They contrast, however, with the results which Matthews [1931 6] 
has obtained by electrical stimulation of the nerve to a curarized muscle. 
Instead of increasing the adaptation of the stretch receptors in the 
muscle a short period of electrical stimulation to the nerve makes them 
respond at a higher frequency. The two cases are not strictly comparable, 
but they suggest an interesting difference in the behaviour of receptors 
which adapt very rapidly and very slowly. 

The evidence given in this section supports the view that a single 
afferent fibre with its terminations responds as a physiological unit, much 
as does the corresponding motor element. But it should be noted that 
the different receptors in the unit may vary independently in excitability, 
as is shown by the possibility of employing a constant air current to 
bring about adaptation of one part of the sensory endings without 
influencing others supplied by the same neurone. — 
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: The response to closely spaced stimuli. 

In the previous paper mention was made of the fact that the re- 
ceptors in the frog skin may be made to respond to intermittent air 
stimulation at rates approaching the maximum carrying capacity of the 
nerve fibre, and this observation has been discussed in the light of earlier 
work on the time relations of these structures. Further experiments 
have been carried out employing discs with only two slots separated by 
distances giving responses at various desired intervals. The relatively 


Fig. 3. Showing the reduction of the potential of the second response with very short 
intervals between stimuli. A, stimulation interval 7-3 o; B, stimulation interval 5-9 o; 
C, stimulation interval 4-1 ¢. , 


long rest periods interposed between each pair of stimuli allowed of a | 
maximum degree of recovery, and for this reason failure of response 
occurred far less early than when a regular series of closely spaced 
stimuli were applied. This procedure results in records of the type 
shown in Fig. 3. 

Successive preparations show considerable variatidns in the maximum 
frequency of stimulation which was reproduced in the response. With 
the particular intensity and other characteristics of the interrupted air 
stimulation employed it was often not possible to produce a second 
response at a sufficiently short interval after the first to have the nerve 
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impulse fall within the relative refractory period, as judged by the 
magnitude of the action current. On the other hand, in many prepara- 
tions the end-organ followed sufficiently rapidly to bring the second 
impulse well within the relative refractory period produced by the first. 
The example plotted in Fig. 4 shows the decline in potential of the 
second impulse as the interval between the two stimuli is made shorter 
and shorter. 


100}— 


3 


Potential of second response, p.c. 


0 1 2 3 4 5 6 7 8 
Stimulation interval (c) 
Fig. 4. Chart showing the relation between the stimulation interval and the reduction 
_ in the magnitude of the second response in one preparation. 


It should be noted that in this experiment and in that shown in 
Fig. 3 the actual interval between the two impulses may well be greater 
than that between the stimuli. Such a result might occur from delay in 
the receptor or in the conduction of the second impulse up the partially 
refractory nerve fibre. We have some evidence that the second impulse 
is separated from the first by a time interval greater than that between 
the stimuli. This is indicated by the record reproduced as Fig. 5, where 

the second impulse shows no reduction in magnitude even though the 
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stimulation interval was only 2-80, but the question must be studied 
further with records taken at greater speeds. | 

In the experiment plotted in Fig. 4 the end-organ continued to 
respond with paired impulses at an interval of 2-50 corresponding to a 
frequency of 400 impulses per sec., and resulting in an average depression 


of the action potential of 44 p.c. It.is doubtful, however, whether such 


a rate could be maintained for more than a few responses: the highest 
regular frequency so far observed for a series consisting of ten or more 


impulses has been 354 per sec. It should also be pointed out that we 


have no proof that such a high frequency of response is due to the 
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Fig. 5. A. Examples of responses resulting from closely spaced stimuli showing no re- 
duction in potential. The stimulation interval was 2-8 o. 
B. Grouped impulses occurring in the course of adaptation to a frequency of 


stimulation of 288 per sec. The potentials are reduced when the intervals between 
impulses are short. 


activity of the same group of receptors, for a number of endings might 
be responding in succession. If a receptor failed to respond to the first 
stimulus it might nevertheless do so for the second and then the activity 
might be due to a number of receptors discharging out of phase with 
each other. Against this possibility is the fact that when paired im- 
pulses are set up by the use of a disc having two slots close together, 
the second impulse always drops out before the first. This result has 
been observed for impulses separated by intervals ranging between 2:8 
and 24¢ (see Fig. 5 A). | 

Another example of the reduction in size of the action potential in 
relation to the frequency of discharge is well shown in Fig. 5 B, taken 
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from an experiment in which the stimulation rate was greater than could 


be followed by the end-organ. The grouping of the impulses may perhaps 
be due to fluctuations in the efficiency of the stimulus. We have not 
attempted an accurate study of the effect of the stimulus interval on 
the form and other characteristics of the action potential in single 
afferent fibres, but the preparation and procedures here employed would 


lend themselves well to an analysis of this question under various 


physiological conditions. 

The results in this section show that the refractory period of the nerve 
fibre itself may become of importance when the frequency of the stimu- 
lation is very high, and possibly a slowing of recovery in the nerve fibre 
after repeated activity may play a part in the phenomena of adaptation. 
But in all probability this factor is relatively unimportant, since it could 
scarcely account for the complete failure of the response or for the very 
low frequency discharges which precede the failure. 


SuMMARY. 


Observations have been made of the action potentials in single 


sensory nerve fibres resulting from intermittent stimulation of the re- 
ceptors in the skin of the frog by means of an interrupted air blast. The 
following results have been obtained : 

1. The receptor produces a single impulse in response to each brief 
puff of air up to a high frequency of stimulation. | 


2. The adaptation time to continued intermittent stimulation varies 


with its character: if the duration of the stimulus (puff of air) is long in 
relation to the intervening rest periods adaptation occurs within a few 
seconds or minutes, whereas when the relative durations of these factors 
are reversed the receptors may continue to soley a high stimulation 
rate for an hour or more. 

8. A continuous air blast applied to the receptors, even when no 
response is elicited, results in complete adaptation to an immediately 
following intermittent stimulus, i.e. adaptation may occur as the result 
of the stimulus without the production of a single impulse. 

4. Impulses reaching the end-organ antidromically cause a decrease 
in its excitability to subsequent stimulation, resembling that occurring 
when the stimulus is applied directly. 


5. The receptors may respond to closely spaced stimuli at a rate 


bringing successive impulses in the nerve fibre well within the relative 
refractive period. The action potential of the second impulse recorded 
from the single nerve fibre is then reduced in magnitude. | 
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We are greatly indebted to Prof. E. D. Adrian, for much helpful 
advice and criticism. 


The expen of thie work wre defrayed by grant fom the Foulerton Commit 
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MODIFIED KROGH’S BICYCLE ERGOMETER. 
By J. McCALL A. R. SMELLIE. 


(From the Institute of Physiology, University of Glasgow.) 


THE ergometer here described is the same in principle as that of Krogh 
[1913], but certain modifications and additions have been made which 
extend the usefulness of the machine for physiological purposes. 

The modified ergometer has the following capabilities. 

(1) Since it is built as a separate unit, it may be attached to any 
machine with a rotary motion. 

(2), It may be made to function (like Krogh’s) as a machine which 
will maintain a constant resistance under wide variations of speed. 

(3) It may also be arranged so that the subject must work at a pre- 
determined speed, the resistance being automatically increased if the 
subject tends to pedal too fast, and diminished if his speed tends to fall. 
Since, under these conditions, the load is constantly varying, the work 
done is recorded graphically on a kymograph. 

The ergometer is chain driven from a bicycle or other apparatus. Its 
flywheel, 42-5 cm. in diameter and weighing 22-5 kg., consists of a copper 
dise with a peripheral lead rim, fixed to a shaft running in ball bearings. 
To one side of the hub of the wheel is fixed an eccentric. A roller, kept 
lightly in contact with this eccentric, actuates a veeder counter through 
suitable links. This method ensures accurate recording at high speeds. 

To the other side of the hub is attached a fibre ring with a metal plate 
let into it over half of its circumference. Pressing on this ring are two 
small carbon brushes, from which leads may be taken to operate an 
electrical counter at a distance. 

Mounted on ball bearings, coaxially with the flywheel, is a wrought 
iron rectangular frame to which are bolted four electromagnets, two on 
either side of the copper disc. The pole pieces of these electromagnets are 
brought as close as possible to the disc without actually touching it. 
A light girder, fixed to the frame, carries a scale pan supported on a knife 
edge 1/m metre from the axis of the flywheel. Attached to the under side 
of the frame is a large damping vane dipping into a tank containing syrup 
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or other viscous fluid. The whole mass of the frame is counterpoised and 
is sensitive to 5 g. at the scale pan. 

The electromagnet coils are connected in series, and derive their cur- 
rent from & potentiometer connected across the D.0. supply mains (Fig. 1), 


Time = 


Motor Armature 


moj} 


Fig. 1. Fig. 2. 

Fig. 2. Upper tracing: At B, subject voluntarily slowed down—load is immediately 
lightened until previous speed is regained. Lower tracing: At A, subject volun- 
tarily speeded up—machine increases load and subject has to slow down to his 
previous speed, 


The current passing through the electromagnets is controlled by the 
position of the movable contact on the potentiometer. This contact is 
mounted on a long screw, and may be driven in either direction by a small 
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reversible electric motor. On one side of the top of the rectangular frame 
is fixed a slate piece with three contact studs. Over these three studs, 
which move with the frame, travel two roller contacts fixed to the 
ergometer stand. This arrangement forms a reversing switch for the 
electric motor and hence controls the direction in which the movable 
finger of the potentiometer travels. 


Operation with load constant at any speed. 

The switching mechanism described above serves to maintain the 
resistance applied to the ergometer flywheel constant, whatever the 
speed of rotation. If the latter increases, the production of stronger eddy 
currents in the copper disc makes the electromagnet frame rotate slightly 
in the same direction as the disc. This almost immediately, by bringing 
the appropriate contacts into operation, causes the electric motor so to 
move the potentiometer finger as to diminish the strength of the mag- 
netic field in which the disc is spinning, and the frame returns to its 
original position. If the speed of rotation of th@flywheel becomes slower, 
the weighted scale pan overcomes the weakened eddy currents, and the 
frame is pulled in a direction opposite to that of the flywheel’s rotation. 
The electric motor is then actuated and moves the potentiometer finger 
so as to strengthen the magnetic field and to return the frame to its 
original position. The net result is that, whatever the speed, the electro- / 
magnet frame is maintained practically steady, the strength of the mag- 
netic field being automatically kept so adjusted that the tendency of the 
frame to rotate with the disc is just balanced by the weight in the scale 
pan. The ergometer flywheel is thus rotated against the constant re- 
sistance of the weight in the scale pan. Asin Krogh’s design, the sus- 
pension of the scale pan is placed exactly 1/7 metre from the axis of 
rotation of the disc, so that, if the load be in kilos, the work done per 
revolution of the flywheel is numerically equivalent to twice the load. 

At either end of the potentiometer is fixed a tripper switch, auto- 
matically opened by an arm fixed to the travelling finger of the potentio- 
meter. These prevent the travelling finger overrunning the screw in case 
of either a sudden stoppage or an excessive spurt of speed on the part of 


the subject. 
Operation at constant speed, the load varying. 
With the following modification of the apparatus, it is possible to 
keep the subject working at a constant speed, the machine automatically 
adjusting the load to the maximum which the subject can do at that 
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In place of a fixed weight on the scale pan, the latter is attached to 
one end of a spring balance, the other end of the balance being fixed to 
the ergometer base-board. The balance is so arranged that it is extended 
and a greater load applied, the more the electromagnet frame tends to 
rotate with the copper disc. The wiring plan is similar, but the switching 
device is replaced by a similar one operated by a speed governor. This, 
originally an ordinary gramophone governor, has been modified and im- 
proved by one of us (A.R.S.), as follows. The original device has been 
replaced by a toggle-jointed governor, belt driven from a pulley on the 
flywheel axle. The switching mechanism consists of an ebonite block with 
six mercury pools recessed in it. Pivoted centrally above this is an 
ebonite beam having two strips of copper fixed parallel to its long axis. 
Each strip carries three dipping wires, the central pair being constantly 
immersed in the central mercury pools, and the two outer pairs, in the 
horizontal position of the beam, being held just clear of the outer mercury 
pools. These four outer pools are cross-connected, the whole arrange- 
ment acting as a sensitive reversing switch for the potentiometer control 
motor. A steel roller bears on the upper side of the beam, and is linked by 
levers to the sliding member of the governor, which acts against the pull 
of an adjustable spring. By means of an adjusting screw, the reversing 
switch can be moved nearer to, or farther from, the governor. The me- 
chanism is set so that the roller is at the centre of the beam when the fly- 
wheel is rotating at the desired speed. If the speed alters, the governor 
moves the roller off the point of balance of the beam, thus bringing into 
operation one or other set of mercury contacts. 

If the subject’s speed becomes faster than that for which the governor 
is set, the switching mechanism actuates the electric motor, and through 
it the potentiometer contact, so as to increase the magnetic field. The 
electromagnet frame, being pulled in the direction of rotation of the disc, 
extends the spring balance and overloads the subject, thus reducing his 
speed. The converse occurs when his speed falls below that for which the 
governor is set. 

Under these conditions the load is a varying one and has:to be re- | 
corded graphically. This is done by fixing to the electromagnet frame a 
thread attached to a writing point recording on a smoked drum. The 
_ drum is driven from the ergometer flywheel itself, so that the horizontal 
movement of the writing point is a record of the flywheel revolutions, 
while its vertical movement records the load. The area enclosed between 
the actual load line and the zero load abscissa is thus a record of the work 
done. This area can readily be measured with a planimeter. 


us 
4 
Mi 
Fa) 
a 
te 
> 


MODIFIED KROGH’S BICYCLE ERGOMETER. 409 


The tracing (Fig. 2) has been made to show how, when the subject has 
voluntarily attempted to vary bis speed, the machine adjusts the load so 
as to force him back to the set speed. In an actual experiment, of course, 
such wide fluctuations in load do not occur; in the tracing shown, a 
purposely strong effort has been made to alter the speed in order to 
demonstrate the capabilities of the machine. 

As shown in Fig. 1, a polarized relay may be introduced, if desired, 
to give visual indication to the subject of his speed variations. 


Calibration of ergometer, 
The power necessary to drive the ergometer unloaded, both with and 
without the constant speed governor, was determined as follows. The 
field and armature windings of a small electric motor were disconnected 
from one another and reconnected in separate circuits with the supply 
mains. In the field winding circuit was placed a milliammeter and a 
variable resistance; in the armature circuit, a second variable resistance, 
a voltmeter, and an ammeter. The electric motor drove the ergometer 
through its usual driving chain. An ordinary motor-car speedometer, 
friction driven from the ergometer flywheel, recorded the speed of rota- 
tion. By varying the resistances, the motor was set to drive the ergo- 
meter at a fixed speed. When the latter was constant, readings of all 
meters were taken. 
_ The ergometer drive was now disconnected and a small brake-band 
dynamometer applied to the pulley of the electric motor, the tension of 
the brake band being adjusted until all the meters read as before. The 
work output of the electric motor was then calculated in the usual way 
from (dynamometer load x circumference of pulley x revs. of pulley per 
min.). 
The following table gives the results of these calibration tests. 


Energy required to rotate ergometer and cycle 


Revolutions 
of —- Speed governor disconnected Speed governor rotating 
yw 


per min. Kg.m. per min. Cal. per min. Kg.m. per min. Cal. per min. 
263 36-85 0-086 59-05 0-139 
218 26-50 0-062 46-12 0-108 
170 18-80 0-044 34-75 0-082 
124 12-60 0-030 22-34 0-052 
81 6-10 0-014 13-76 0-032 
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SuMMARY. | 

A modification of Krogh’s bicycle ergometer is described, which 

allows of work being done, not only at constant load as in the original 

design, but alternatively at a constant pre-determined speed, the load 

then being automatically adjusted by the machine itself to the = 
of the 


REFERENCE. 
Krogh, A. (1913). Skand. Archiv f. Physiol. 30, 375. 
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THE EFFECT OF SOME FACTORS UPON THE 
BLOOD SUGAR OF EMBRYO CHICKS}. | 


By G@. VLADIMIROV. 
Academy, Leningrad. Director: Prov. M. J. 


INTRODUCTION. 


In our previous work we have studied certain aspects of carbohydrate 
metabolism in the embryo chick, viz. the sugar content of the blood 
[Vladimirov and Schmidt, 1926], the accumulation of glycogen in 


- the body of the embryo [Vladimirov and Danilina, 1930], and in 


the liver of the embryo [Vladimirov, 1930]. The problem of the 
regulation of carbohydrate metabolism demands further experiments. 
The present work contains the results of the first experiments carried out 
with the object of ascertaining the effects of certain agents upon the 
blood sugar of the embryo. The action of carbon dioxide, and thei inj jection 
of water, of sugar solutions, of adrenaline and insulin into the air space 
were all examined. 
METHODS. 


The blood was taken from the umbilical artery according to our 


previous methods [Vladimirov and Schmidt, 1926], .with the dif- 
_ ference that we did not use blotting-paper and the blood was pipetted off; 


this change of the method diminishes the experimental error, as some 
reducing substances can be extracted from the blotting-paper. 

Starting from the twelfth day of development 0-1 c.c. of blood was 
pipetted off; the sugar was determined according to the Hagedorn- 
Jensen method. In embryos younger than 12 days there is so little 
blood that 0-1 ¢.c. could not be pipetted off, therefore the determination 
of sugar in such embryos was undertaken in 0-02 c.c., and collected by 
the help of a heemoglobinometer pipette. 

The whole technique of sugar determination had to be altered in using 
so small an amount of blood. 1 ¢.c. of 0-45 p.c. zinc sulphate and 0-2 c.c. 
of 0-1 N caustic soda were placed in little test-tubes, measuring 8 x 60mm. ; 


1 Reported on May 25th, 1930, at the Fourth Union Congress of Physiologists at 
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and 0-02 ¢.c. of blood from a pipette was added. After coagulation of 
proteins the contents were filtered through little filters (without cotton- 
wool) into ordinary test-tubes. The test-tubes and the precipitates were 
washed twice with 0-5¢.c. water, and 0-4 .c. of the solution of potassium 
ferricyanide was added to the filtrate from a microburette. The test-tubes 
were put for 15 minutes in a boiling water bath, and after cooling and 
addition of 0-6 c.c. of a solution containing potassium iodide and 0-4 c.c. 
of 3 p.c. acetic acid they were titrated with N/500 thiosulphate from a 
microburette. The control tests were carried out in an analogous manner. 

The titration figure was multiplied by two and the sugar quantity was 
calculated according to Hagedorn-Jensen’s table. 

The above method allows of the determination of sugar in 0-02 c.c. 
with the same accuracy as the original method in 0-1 c.c. 


BLOOD SUGAR OF NORMAL-CHICK EMBRYOS. 
Parallel with our tests we determined the sugar in the blood of he 
copies: embryos. The control results are given in Table I. 


TaBze I, Sugar content in the blood of normal chicken embryos. 


Age of the Age of the 
embryoin Number of in eo in Number of vip 9 in 

days tests mg./ 00 tests mg./100 c.c. 
9 iy 130 2 137 
9 3 137 15 2 142 
9 ] 136 15 2 133 
9 1 141 15 3 154 
9 129 17 2 130 

40 2 140° 17 1 123 
10 eee 141 17 2 140 
10 1 126 18 l 150 

1 133 18 j 144 

10 139 19 2 133 
10 1 128 19 2 148 
12 2 133 20 1 177 

3. 135 | 
135 Hatched 

158 2da 2 1 
4 

14 “4 136 2 ne 3 prt 


This table shows that during the second half of the incubation the 
level of blood sugar hardly changes except that just before hatching it is 
a little higher. After hatching it is higher than before and approximates 
to the figures in adult hens (Giaja, 1912; Scheunert and Pelchrzim, 
1927]. Riddle and Honey well [1924] have found the same relations in 
doves—the sugar content in embryos is somewhat lower than in adult 
birds and during growth it gradually increases. Aron [1923] observed 
the same relations in rabbits, guinea-pigs and horned cattle. Finally the 
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same results have been obtained by Schmal [1924] in examining the 
blood sugar of prematurely born babies. Only Hanan [1926] has ob- 
tained contrary results. He found in chicken embryos 209-296 mg. p.c. 
of blood 1, With our material we could not confirm these findings. 


EFFECT OF CARBON DIOXIDE. 


Most of our experiments consisted of the injection of water or aqueous 
solutions into the air space of the egg. This procedure might involve dif- 
ficulties of respiration in embryos, since asphyxia is according to some 
authors a factor which much increases the sugar level of the blood. This 
effect was found by Loewy [1916] in men, by Olmsted [1925], 
Olmsted and Coulthard [1928] in decapitated cats, by Simpson 


- [1926] in fishes (Myozocephalis and Ameriorus); McCarrison [1925] 


also states that carbon dioxide increases the action of adrenaline. We 
therefore tested the effect of carbon dioxide as follows: The air space of 


the developing egg was opened, and the egg was put in a vessel. The vessel 


was put on a water bath, heated to a temperature of 40° C. and carbon 
dioxide was passed from a tank through a washing flask, immersed in the — 
same water bath, into the vessel. 

At first the leading off tube was directed into the interior of the air 
space in order to force out, if possible, all the air. Through a hole in the 
cover of the vessel passed a tube conveying a stream of carbon dioxide, 
and the eggs were left in this position for different periods. 

Tests with hatched chicks have also been carried out, only at a 
lower temperature (30° C.). 

The lethal action of pure carbon dioxide on the hatched chicken was 
many times more rapid than its action on embryos in the interior of the 
egg. The hatched chicken was quickly asphyxiated; at first it swallowed 
air, then convulsions began, and were soon followed by paralysis and 
death after about 1 minute. 

Using mixtures of carbon dioxide with air it was found that a content 
of 22 p.c. or more CO, killed the chicken in a few minutes. With 10 p.c. 
of CO, the chicken remained alive during a longer time. Since in the 
experiments of Albitzky [1911] rabbits survived in 40 p.c. of CO, for 
, some hours and in 24 p.c. for 24 hours and more, we must conclude that 
* hatched chickens are very susceptible to the effect of carbon dioxide. 

Embryos in the egg are still more resistant towards carbon dioxide 
even in the last days of development. As a rule a sojourn of 20 minutes 
in an atmosphere of pure carbon dioxide did not killthem. Such a differ- 
ence can be explained, if we suppose that the carbon dioxide enters the 
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vascular system of the allantois more slowly than through the lungs of 
the hatched chicken. Moreover the fluid surrounding the embryo, the 
albumen and the fluids of the amniotic and allantoic sacs, can bind a 
certain amount of the entering carbon dioxide and equally give up some 
oxygen. But probably this mechanism plays an unimportant part par- 
ticularly in the last days of development, when there is almost no albumen 
and the other fluids have an acid reaction [Aggazzotti, 1913]. 

The blood passing towards the embryo from the air space in contact 
with the atmosphere of pure carbon dioxide must very soon cause as- 
phyxia in the organism. Therefore from our experiments we are justified 
in concluding that the embryo organism compared with the hatched 
chicken has a high resistance to carbon dioxide. This conclusion needs, 
however, to be supported by analysis of the gases in the blood. 

At the time of opening the egg all the blood had a very pronounced 
venous aspect. The venous vessels were enlarged. Sometimes it was very 


difficult to take blood from an artery. 
Taste TL The effect of carbon dioxide upon the blood sugar of the embryo chick. 
Duration of the 
Age of the embryo Number of 
| in days in min. tests mg./100 c.c. 

10 10 2 138 
10 10 2 137 
10 10 2 145 
10 15 2 150 
10. 17 l 123 
10 2 142 
14 10 151 

14 1 156 
14 12 a 123 
14 15 2 128 
15 10 2 134 
15 10 1 174 
15 15 1 157 
15 15 a 151 
15 16 1 138 
17 10 2 137 
17 10 ee 156 
17 10 2 147 
17 12 2 113 
17 15 3 134 
17 16 3 123 
18 15 1 202 
19 10 2 184 
20 10 1 192 
20 12 181 

Hatched 


| 

2 | 2 1 

3 167§ 
Cc. 


* Died in 30 sec. t Died. ¢ 22 p.c. CO,. § 10 p.c. CO,. 
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The results of determining the sugar content in the blood are sum- 
marized in Table IT. 

This table shows that in the case of embryos and alto i in the case of 
the hatched chicken there were not observed any sharp or regular changes 
of the sugar level in the blood. | 


EFFECT OF INJECTION OF DISTILLED WATER. 


The next series of experiments was carried out with the injection of 
distilled water (0-5, 1 or 2 c.c.) into the air space through a little opening 
in the egg shell. The opening was then sealed with paraffin. The eggs were 
put back in the incubator in such a position that the air space was turned 
upwards. After different periods the eggs were taken out. 

In cases where 1 c.c. of water was introduced starting from the 14th 
or 15th day the fluid was absorbed after 1 hour; with 2 ¢.c. absorption 
was generally not complete in 1 hour. In the earlier periods of the de- 
velopment the absorption went on more slowly. At the time of opening 
the egg it was observed in most cases that the vessels were swollen, some-. 
times very much so. 

The results of the sugar determination in the blood are shown in — 
Table III. 

It might be supposed that this injection of water would influence 
directly or indirectly the level of the blood sugar, directly by dilution of 
the blood, indirectly by interfering with respiration on account of dilution 
of the blood and the difficulty of exchange of gases through a layer of 
water in the air space. 

The previously reported experiments show that asphyxia does not 
change the sugar level, and therefore we can exclude the indirect influence. 
But a reduction of the blood sugar level dependent on the dilution of the _ 
blood by introducing water is observed. This dilution, judging from the 
appearance of the vessels and from data on blood sugar attains the 
maximum at the time when the last traces of the water from the air 
space are absorbed. Therefore, depending on the quantity of water intro- 
duced, the sugar of the blood attains the lowest values in 1-2 hours. After 
that the blood sugar becomes normal again, as is shown in the experi- — 
ments with embryos 14 days old, 12 hours after the introduction of the 
water. 

In the last days of development (for instance the 17th day) sii was 
no marked fall of blood sugar to be observed in spite of rapid absorption ; 
probably in this case the transfer of water from the blood to the tissues 
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‘Tasty III. The effect of introducing water into the air space of the egg upon 
| the blood sugar of the embryo chick. 


of the tity of Durati 


days in ¢.¢. tests ./100 
10 2 135 
10 2 70 2 124 
10 2 72 1 117 
10 1 80 112 
12 l 60 2 112 
12 l 90 2 76 
13 05 - 27 2 115 
13 0-5 34 1 121 
13 0-5 44 ee 106 
13 05 ~ 47 38 
13 0-5 59 2 115 
13 0-5 59 1 112 
14 1 60 2 125 
14 1 105 2 86 
0-5 30 123 
14 0-5 42 By 122 
14 0-5 55 1 112 
14 0-5 69 2 103 
14 05 74 2 106 
14 05 98 | 2. 127 
14 2 12 hours. 145 
14 2 ae 1 131 
14 2 2 109 
15 2 70 min. 2 53 
15 2 135 1 46 
15 0-5 46 2 120 
15 0-5 72 l 142 
15 0-5 94 1 158 
15 0-5 100 1 149 
17 I 50 2 122 
17 I 90 2 127 


and to the allantoic and amniotic cavities is sufficiently great to make 
the change of the blood sugar minimal. 


EFFECT OF INJECTION OF GLUCOSE SOLUTIONS. | 


A few experiments were carried out on the introduction of glucose 
solutions into the air space. In order to obtain the most marked changes 
we had to use the largest possible concentration.. But a 10 p.c. concentra- 
tion we discovered was fatal: when 2 ¢.c. of a 10 p.c. solution of glucose 
was injected into embryos 15 days old we found that after 12 hours all 
the embryos had died. We therefore used a 5 p.c. solution of glucose in 
the experiments shown in Table IV. 

No striking increase of sugar in the blood was discovered. This fact 
can be explained as follows: First the greater part of the sugar.solution 
can enter, passing through the vessels, directly into the amniotic cavity, 
the absorption of the glucose solution going on with less speed than the 


“be 
bin 
¥ 
4 
ag 
a 
t 
+ 
ond 
bs 
4 
a 
ve 
a 
“a 
ay 
4 


CHICK EMBRYO BLOOD SUGAR. 417 


Taste IV. The effect on blood sugar of the introduction of 2.0. of a 5 p.c. 
solution of glucose into the air space of the egg. . 


Age of the Duration of _— 

embryo the absorption Number of 

in days in min. tests mg./100 c.c. 
10 60 1 147 
10 60 2 132 
15 130 2 123 
16 60 3 144 
16 70 143 
16 80 2 147 
16 90 140 
16 120 3 146 
16 140 3 151 
16 180 3 119 
16 180 3 125 


absorption of water. In all cases there remained a certain quantity of 
unabsorbed fluid. Finally the water was absorbed together with the sugar. 
Nevertheless in the concentration of the sugar used by us the absorbed 
fluid must be richer in sugar than the blood of the embryo. We must 
therefore suppose that the body of the embryo, particularly the liver, is 
a barrier which wholly detains the surplus of sugar. 

This action of the liver as a barrier in the embryonic organism, where 
the endocrine influences are minimal, is of great interest. Any quantitative 
evaluation of this action is, however, difficult, as the sugar from the air 
space can enter the allantoic cavity directly by diffusion, as well as 
passing into the blood. 


_ EFFECT OF INJECTION OF ADRENALINE. 


The next series of experiments consisted of the injection of adrenaline 
solutions into the air space. Koppanyi, Ivy, Tatum and Jung 
[1926] observed in hens an increase of blood sugar and glycosuria on 
injecting epinephrine. We could not find any data in the literature de- 
fining the dose of adrenaline except the above-mentioned work. There- 
fore we can say that large doses (1-3 c.c. of 1 p.c. solution of epinephrine) 
are necessary to provoke hyperglycemia and glycosuria in hens. 

When our work was finished, the work of Corkill [1930] appeared, 
who also used large doses of adrenaline and particularly insulin. We are 
sorry that the work of Hanan [1926] is known to us only from a short 
reference. We therefore also used at first large doses. In the first experi- 
ment 1 ¢.c. of 1 p.c. adrenaline solution was introduced by means of 
a syringe into embryos 19 days old. After 30-40 minutes almost all the 
embryos died. We could collect blood for the analysis of sugar only from 
two. Therefore all later experiments were carried out with 1c.c. of 
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0-05 p.c. adrenaline solution except those on 20 day embryos for which 
0-1 p.c. adrenaline was used. The results of these experiments are shown 
in Table V. ; 


Taste V. The effect of injection of 1 c.c. 0-05 p.c. adrenaline solution upon the — 


blood sugar of the embryo chick. — 
Age of the Duration of 
embryo the Number of in 
in days in | tests mg./100 c.c. 

10 30 2 119 
10 45 Lo 123 
10 55 2 123 
10 70 1 123 
10. 80 133 
12 30 2 119 
12 40 2 126 
12 50 147 
12 58 1 140 
12 80 2 124 
12. 85 2 103 
14 35 2 148 
14 40 1 138 
14 50 2 123 
14 60 2 123 
14 80 2 115 
14 90 2 119 
14 95 2 136 
14 110 1 109 
17 20 l 175 
17 40 2 155 

By is 60 2 209 
17 80 2 168 
17 95 1 179 
19 40 l 216* 
19 40 1 252* 
20 12 1 1 

20 25 1 211 
20 20 1 1 

20 30 1 197 

* 1o.c. 1 p.c. adrenaline in the body. f 1c.c. 0-1 p.c. adrenaline in the body 


This table shows that a distinct rise of the sugar level could be ob- 
served only on the 19th and 20th days and with large doses of adrenaline. 
The data for the 17th day also give figures above the normal. However, 
we must remember that the water will be absorbed together with the 
adrenaline, diluting the blood and decreasing the sugar level. The ex- 
periments on 14th and 12th day embryos gave no increase, but on the 
contrary a decrease of the sugar level. This decrease doubtless depends on 
the absorption of a large quantity of water. On the 10th day there were 
no distinct changes of sugar level in the experiments either with adrenaline 
or with water. | ; 
_ In order to reduce the diluting action of the water we carried out a 
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new series of experiments with the introduction of adrenaline in a smaller 
quantity of water. The solution of adrenaline was tested as to its activity. 
The dilution 1 : 500,000 gave a distinct dilation of the pupil of the isolated 
eye of a frog. The subcutaneous introduction of 1 c.c. of this preparation 
to a rabbit, weighing 2-05 kg., gave a rise of blood sugar from 96 mg. p.c. 

to 248 mg. p.c. after 30 minutes and to 283 mg. p.c. after 1 hour. “me 
results of this series are shown in Table VI. 


Tasiz VI. The effect of injection of diverse doses of adrenaline 
- upon blood sugar of chicken embryos. _ 


bryo Adrenaline Duration of | Number of in 

in days quantity absorption tests mg./100 c.c. 
13 0-5 02 p.c. 27 114 

1 42 | 121 
13 71 2 128 
14 0.0, pac. 2 123 
14 31 1 132 
14 ” ” 50 112° 
14 94 1 136 
14 0-2¢.c. 10p.c, 36 115 
14 fe 50 1 147 
14 17 1 127 
14 99 1 163. 
15 0-5 c.c. 0-2 p.c. 46 1 167 
15 50 1 172 
15 51 1 167 
15 68 1 168 
15. 0-5 c.c. 0-02 p.c, 58 161 
15 62 2 173 
15 88 1 78 
16 0-5 c.c, 0-2 p.c. 50 1 140 
16 yon 55 l 152 
16 ” ” 63 | 153 
16 65 2 175 


_ If we consider that the weight of embryos from the 10th day of de- — 
_ velopment till the 20th is within 2-24 g., the doses used must be regarded 
as very large. If the adrenaline is equally distributed throughout the 
whole egg, ¢.e. in the embryo, the albumen and amniotic and allantoic 
fluids, then the doses used in these experiments have been 2-4 mg. per 
kg. The experiments with water injection showed that a large quantity 
of fluid is absorbed into the blood system. 

Experiments with dyes (methylene blue, neutral red, fluoreacene) 
[Zaretzky, 1910] show that dissolved substances are absorbed into the 
vascular system together with water, but not dyes which are in colloidal 
solution. Nevertheless our experiments showed that by introducing large 
quantities of a colloidal dye into the air space the latter can also pene- 
trate into the blood and the es of the embryo. Two hours after the 
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introduction of 2 c.c. 0-5 pe. trypan blue into the air space, we observed 
in the blood plasma of chicken embryos the trypan blue in dilution 
1 : 75,000-1 : 125,000; the body of the embryo. was also coloured blue. 
The fact that with the largest dose (0-2 mg. of adrenaline per egg) we can 
observe a marked vascular reaction shows that the adrenaline in our ex- 
periments was also absorbed. Most of the vessels, except sometimes the 
large vessels, were much constricted. The membranes and the embryo 
itself are paler, while a crimson heart is translucent through the tissues. 

. As mentioned above, if the adrenaline is equally distributed through- 
oat the whole egg, the dose in some experiments was 2—4 mg. per kg., and 
the dose of the adrenaline related to the weight of the embryo was much 
higher. With mammals a dose ten times smaller has a powerful effect on 
the sugar level of the blood. In an adult hen 1 mg. adrenaline per kg. 
provokes a sharp hyperglycemia and a glycosuria [Koppanyi, Ivy, 
Tatum, and Jung, 1926]. The chicken embryos react very feebly to 
such doses and in the early stages perhaps not at all. Only when enormous 
and lethal doses were used (1 mg. of adrenaline on an embryo of 20 g. 
weight, 50 mg./kg.) was any hyperglycemia observed. Evidently the 
carbohydrate reaction of the chicken embryo to adrenaline is very feeble. 


EFFECT OF INJECTION OF INSULIN. 


_ The last series of experiments was carried out with insulin. We have — 


some indications that birds are very resistant to insulin [Zaga mi, 1928]. 
But Cassidy, Dworkin and Finney [1925] observed in the hen a 
very sharp fall of blood sugar with 4 units per kg. The work of Corkill 


[1930], who used very large doses (up to 80 units per bird), appeared 


when our experiments were already finished. We have also used large 
doses of insulin, viz. 10 units on an egg. The insulin used by us was ob- 
tained from the “Farmakon” factory immediately after its standardiza- 
tion!. As the insulin of this firm was dissolved in N/200 hydrochloric acid 
it was carefully neutralized with N/10 alkali solution until the precipitate, 
which appeared at first, went into solution ; 0-55 c.c. of the insulin —— 
(10 units) was introduced into the air space of the egg. 

The results of the experiments are shown in Table VII. 

This table shows that apart from one case on the 15th day we have 
no decrease of sugar level which could be put to the account of insulin. 
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Tasxx VII. The effect of insulin injection (10 units in 0-55 c.c.) upon 


the blood Pa of the embryo chick. 
. Age of the Duration 
embryo the Number of in 
in days in min. tests mg./100 c.c. 
1 50 1 134 
13 65 2 135 
13 70 1 106 
13 | 73 1 129 
13 75 2 123 
15 33 1 119 
15 41 2 129 
15 1 117 
15 63 1 44 
15 74 3 126 
15 81 3 138 
16 45 2 155 
16 67 2 118 
16 78 3 144 
16 90 2 143 
16 95 1 140 
16 112 2 120 


Discussion. 


In the carbohydrate metabolism of the embryo chicken we meet with 
a set of regularities. Needham [1927] has discovered changes in the 
sources of energy. The carbohydrates are the principal source of energy 
during the first days of development, afterwards they retreat into the 
background, as compared with protein and especially with fat. In our 
previous work we have ascertained that in the accumulation of glycogen 
there exists a regularity [Vladimirov and Danilina, 1930]. Even 
the sugar level is maintained at a definite level [Vladimirov and 
Schmidt, 1926]. This work shows that the blood sugar which falls 


during the water absorption will later become normal. The sugar level 


in the blood passing from the embryo during the absorption of the sugar 
solution remains normal. What are the regulatory mechanisms which 
keep the course of the carbohydrate metabolism within the limits of 
regularity ? 

From what is known of the post-embryonic period we must examine 
the possible part played by the sympathetic system and the endocrine 
apparatus (suprarenal glands and islets). 

The nervous system as the most highly organized attains its functional 
maturity later than the other organs. The sympathetic system develops — 
apparently the first. Ramon y Cajal succeeded in colouring the gang- 
lion cells on the 3rd day of incubation with silver nitrate [cited after 
Pesker, 1907]. Tello [1924] discovered the cells of Auerbach’s =_ 
as early as the 3rd day of development. 
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Pesker discovered the first symptoms of the intestinal (enteric) 
sympathetic system in embryo mice of 3 mm. 

Thus the sympathetic system is laid down very early. It is usual to 
consider that adrenaline provokes glycogenolysis through the sympathetic 
system, whereby the adrenaline attains the ends of the sympathetic 
neurofibrils. 

Our experiments with adrenaline show that if the glycogenolysis in 
the embryonic period is stimulated by the same mechanism, then the 
elements of the sympathetic system are not functionally mature. 

Excessive doses of adrenaline produce a-small effect. 

Points arise as to the quantities of adrenaline in the embryo. _ 

Lutz and Case [1925] found adrenaline to be present on the 10th day 
and sometimes on the 8th day of development. The work of Okuda 
[1928] is particularly interesting, for he determined the adrenaline quanti- 
tatively. On the 10th day he evaluates the quantity of adrenaline at 
0-0002 mg.; on the 12th 0-0009-0-0012 mg. ; on the 14th 0-002-0-003 mg. ; 
on the 17th 0-008-0-0086 mg.; on the 20th 0-013-0-017 mg. 

The quantity of adrenaline introduced by us into the air space was 250 
times larger than all the supplies of adrenaline already contained in the 
egg on the 10th day of development; 50 times larger on the 12th day; 
20 times larger on the 14th day and 6 times larger on the 17th day. 
The embryos in our experiments have therefore been put into contact 
with supplies of adrenaline far exceeding the supplies of the whole body. 
From the small effect which we could observe we can conclude that 
during the embryonic period, perhaps except the last days, adrenaline 
takes no part in the carbohydrate metabolism. This explains the absence 
of change of the sugar level during asphyxia, as the glycemia observed 
during the latter is due to the secretion of adrenaline [Bayer, 1920]. 

_ Ontheantagonism of adrenaline and insulin we have but little informa- 
tion. The pancreas begins to appear early in birds, at the 4th-5th day 
[Giannelli, 1908; Weissberg, 1927]. The differentiation of the islands 
of Langerhans begins at a later stage [Lentati, 1928]. Birds are very 
resistant to insulin and one must inject large doses to attain a visible 
diminution of blood sugar [Zagami, 1928]. Our experiments show also 
that the 0% played by insulin in the embryonic period must be very 


In the De raes period other mechanisms than those used by the 
organism come to the foreground in carbohydrate metabolism. The regu- 
larity of the glycogen accumulation analogous to the regularity of growth 
affirms an intimate bond — the processes of carbohydrate meta- 
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bolism and the processes of morphogenesis and alterations in the age of 
the tissue. The principal causes lie in the developing tissues themselves _ 
and not in the action of stimulating substances. 

Wertheimer [1928] showed in some excellent work that this 
applies not only to embryos but to all cells in active growth, and not only 
with respect to carbohydrate metabolism but also with respect to other 
sides of metabolism in general. 


Parallel with automorphous growth [Schmalhausen, 1927] we can 
‘observe “ autoergy” in metabolic processes. 


SuMMaRY. 


Experiments undertaken in order to ascertain the effect of different 
agents upon blood-sugar level in chicken embryos gave the following 
results: 

1. The introduction of water into the air space of the egg decreases 
the blood-sugar level by diluting the blood. 

2. Carbon dioxide and insulin do not influence the blood-sugar level 
regularly. The influence of adrenaline appears only in the last few days 
and then only to a very feeble degree. 

All this indicates that the effect of hormones upon the carbohydrate 
metabolism in the embryonic state is very insignificant. 
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ON THE EXISTENCE OF A MOST EFFICIENT SPEED 
IN BICYCLE PEDALLING, AND THE PROBLEM OF 
DETERMINING HUMAN MUSCULAR EFFICIENCY. 


By R. C. GARRY anv G. M. WISHART. 


(From the Institute of Physiology, University of Glasgow.) 


An optimum rate of work for optimum muscular efficiency has been 
shown to exist: (1) by the direct measurement of the external work and 
the oxygen consumption in the human subject; (2) by theoretical applica- 
tion of the findings, derived mainly from experiments on isolated muscle, 
that, with increasing speed of contraction, the external work obtainable 
from a muscle diminishes, while the metabolic demands of the muscle 
also diminish owing to the steadily lessening requirement of energy for 
maintenance of the progressively briefer contractions. These findings are 
summarized in Hill’s well-known formula: | 
Well 

H™ aW,(i+bt)’ 
where E = efficiency, W = external work of muscle, H = energy liber- 
ated by the muscle in doing work W, W, = maximum theoretical work 
of the muscle, ¢ = duration of contraction, k, a, and 6 are constants. 

According to this formula, an optimum efficiency will be obtained at 
a certain optimum value of t. The latter was, in Hill’s [1922], and later 
in Lupton’s [1923], experiments on the arm muscles, put at approxi- 
mately one second. Hill [1922], in comparing this optimum time withthe | 
experiments of Benedict and Cathcart [1913] on the professional 
cyclist, M.A.M., drew attention to the good agreement between the two 
types of work, since the optimum efficiency in Benedict and Cath- 
cart’s experiments was obtained at 70 rev. per min. of the pedals. 
This comparison, however, was unjustifiable for two reasons. First, 
the 70 rev. per min. refers to the pedal sprocket wheel, each revolution 


: __ of which comprises a contraction of the effector group of muscles first in 


one and then in the other leg, so that the duration of contraction in the 
muscles of each effector group cannot exceed half the time of one revolu- 
tion. Thus, at 70 rev. per min., M.A.M. was actually executing 140 leg 
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movements per min., and the duration of contraction in the muscles of 
each limb cannot have exceeded, and probably was considerably less 
than, 0-43 sec. Secondly, while M. A.M. showed his highest 
efficiency at 70 rev. per min., he could seldom be persuaded to pedal at 
slower rates, and the evidence was insufficient to show that his efficiency 
might not have been even higher at the lower speeds. | 
The following experiments were primarily carried out to see how the 
efficiency would behave at rates slower than 70 rev. per min. 


_. EXPERIMENTAL. 
The authors themselves acted as subjects. The following are their 
| G.M.W. R.0.G. 

— 

m.) 1-89 2-06 

Age 30 

Post-absorptive basal 31:1 
"metabolism (Cals. ) 


The work was done on a modified form of Krogh’s ergometer [McCall 
and Smellie, 1931]. This ergometer, like the original Krogh type, may 
be used to provide a constant load at any speed of the flywheel; the sub- 
ject’s speed is then controlled by metronome. 

The ergometer may, however, be used in another way. It is provided 
with a speed governor, which, when set to a predetermined speed, auto- 
matically controls the subject’s rate of pedalling by overloading him 
when he tends to pedal too fast, and releasing some of the load when his 
rate falls. In this case the load fluctuates and is recorded graphically by 
the vertical movement of a writing point on a smoked drum. The drum 
is itself driven from the ergometer flywheel so that the horizontal travel 
of the writing point is a measure of the flywheel revolutions. The work 
done is thus readily obtained by measuring with a planimeter the area 
recorded on the tracing. Two examples of these records are shown in 
Fig. 1. In most of our experiments this automatically controlled speed 
method was used. In all cases the speeds were checked by the record of 
an electrical counter operated from contacts on the ergometer flywheel. 

Experiments were always made in the forenoon two hours after a light 
breakfast. The oxygen intake was determined by the Douglas- 
Haldane method with all the usual precautions. The two workers 
Shared equally in all details of the routine; when one acted as subject 
the other performed the analyses and vice versa. Both workers were 
_ thoroughly accustomed to the Douglas-Haldane technique. 
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On the great majority of days the energy expenditure involved in 
pedalling the unloaded ergometer (hereafter referred to as “no-load 
movement”’) at the speed of the subsequent working experiment was 
determined. A large number of determinations of the energy cost of 


Fig. 1. Each tracing shows from above downwards: (1) the record of the electrical revolution 
counter on the ergometer flywheel—used to record beginning and end of air-sampling — 
period; (2) a time trace; (3) various load abscissz ; and (4) the record of the fluctuating 
load actually applied to the flywheel. The work done is obtained from the area en- 
closed by the fluctuating load line, the 0 kilo line, and the two vertical arrows. 
Upper tracing: Maximum effort at 25 revs. per min. of the pedals. 

Lower tracing: Maximum effort at 70 revs. per min. of the pedals. — 


sitting on the bicycle with the feet stationary (hereafter referred to as 
“work-position basal’’) were also made. Both in the no-load and in the 
work experiments, the first collection of expired air was not made until 
at least 25 min. after the commencement of pedalling. During the work 
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period, the first collection was followed by two further collections at 
15 min. intervals. The subject was thus always in the se state during 
the taking of the samples. 
RESULTS. 

Four series of experiments were done. The first of these was considered 
as preliminary training and ignored. | 

The main series (Tables I and II) was one in which the speed governor = 
of the ergometer was used, the subject being required to exert the maxi- 
mum effort which he considered he could maintain for an hour without 
showing fatigue. Although this may be criticized on the grounds of de- 
manding subjective evaluation on the part of the subject, it was found in 
practice that the total energy expenditure per minute was remarkably 
constant, both in the three collection periods of each experiment, and 
throughout the whole series of experiments at different speeds. Also, 
although from the nature of the governing device the speed must fluctu- 
ate about the predetermined mean, both the graphic record, and the fact 
that the predetermined speed was actually registered by the electrical 
counter even within the comparatively short periods of air collection, 
show that these fluctuations are brief and small. Owing to the difficulty 
of precise adjustment of the governor at very rapid speeds, the highest 
speeds are not identical in the two subjects. 

With a view to obtaining efficiencies from the ratio 


external work increment 
metabolism increment ’ 


two other series were undertaken, in which light and moderate cocunts 
of work were done on the same day, at each of the various speeds, The 
light always preceded the heavier effort, In all series no particular 
sequence of loads was followed from day to day. 

The results are tabulated below. 


: (a) Work-position basal. ine following averages were obtained in the 
_ two subjects: 


G.M. W. R.C.G. 
No. of observations 8 10 
Cal. per min. (average) 1-46 1-54 


(6) No-load movement. In all, 33 experiments were made on R. C.G., 
_ and 220n G.M.W. The values, given in Table I, are taken from a smooth 
curve drawn through the actual experimental points. 

(c) Maximal effort series. Data for the external work and metabolism 


are given in Table I, and the — calculated from three different 
base in Table IT. 
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Taste I. 
G.M.W. 
No load External Total energy output 
Rev. per Cal.per Cal. perleg Cal. per Cal. per Cal. per leg 
min. min, movement - min. min. movement 
25 2-26 0-0452 101 7-56 0-1512 
28 2-36 0-0421 0-93 6-89 0-1230 
35 2-62 0-0374 1-03 7-59 0-1084 
45 2-71 0-0301 1-23 7-82 
52 2-79 0-0268 1-30 7:97 0-0766 
3°53 0-0252 1-18 7-93 0-0566 
86 4-90 0-0285 1-18 9-17 0-0533 
ns 1 0-0295 1-03 9-02 0-0475 
R.C.G. 
No load External Total energy output 
Speed c work c 
Rev. per Cal. per Cal. per leg Cal. per Cal. per Cal. per leg 
min. min. movemen min. min. movement 
25 2-48 0-0496 1-30 10-61 0-2001 
28 2-66 0-0475 1-55 10-75 0-1920 
35 2-71 0-0387 1-48 9-45 0-1350 
45 2-77 0-0308 1-63 9-82 0-1091 
52 3-03 0-0291 1-88 10-45 0-1005 
70 4-16 00297 1-55 9-86 0-0704 
5-54 0-0322 «164 11-54 0-0671 
98 6-66 00340 1-52 10-80 0-0551 
after deducting Efficiency after 
Gross efficiency ach deducting no-load 
GMW. RCG GMW. ROG GMW. ROG. 
Speed p.c. p.c. p.c. p.c. pc. p.c. 
25 13-4 13-0 16-6 15-4 19-1 17:3 
28 13-5 14-4 17-1 16-8 20-5 19-2 
86 13-6 15-7 16-8 18-7 20-7 21:9 

45 15-7 16-6 19-4 19-7 241 23-1 

52. 16-3 18-0 20-0 21-1 25-1 25-4 

70 149 15-7 18-2 18-7 26-8 27:3 

86 9 14-2 15-4 16-4 27-6 27-2 

95/98 11-4 14-1 13-6 16-3 30-2 36-5 

(4) Moderate and light effort series. Table III gives the external work 

and metabolic data, and Table IV shows the efficiency calculated (1) as a 
al work i t 
gross efficiency, and (2) from the ratio ee oe ; 

Because of their submaximal nature, the results given in Tables III 
and IV are open to criticism, and little stress is laid on them. Neverthe- 
less, with both light and moderate efforts, the gross efficiencies show an 

_ optimum in the same region as with the maximal efforts. The low values 
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Taste fil. 
G.M. W. R.C.G. 


_ External work Total energy output External work Total energy output 
Light Moderate ‘Light Moderate Light Moderate Light Moderate 
Speed Cal. per min. Cal. per min. 
25 
45 
0 


Taste IV 

efficien Efficiency from :— 

‘Light load Moderate load metabolic increment 

Speed G.M.W GMW GMW. R.CG 
25 9-4 9-3 12-7 12-6 18-7 18-5 
45 13-9 11:8 16-0 15-5 18-5 22-6 
70 7:8 11-2 13-5 15-0 25-0 22-6 
86 8:2 8-1 12-5 12-8 29-2 25:8 
95/98 66 7:3 86 11-0 26-9 331 


are, of course, due to the relatively large part that the work-position 
metabolism plays in the total metabolism. The values obtained from the 


— ratio are equally open to criticism (Hill, 1922]. 


It is, however, interesting that the results are similar to those obtained 
in maximal efforts when the cost of the no-load movement is deducted. 
Calculation of the efficiency after deduction of the no-load metabolism 
may, of course, be regarded as similar to its calculation on a work-incre- 
ment basis. 
Discussion. 
Benedict and Cathcart’s [1913] investigations of the gross 


efficiency at various speeds from 70 to 130 pedal rev. per min. (140 to 260 
leg movements per min.) gave a maximum of 20-6 p.c. at 70 rev. per min. 


V. 

speeds viest 

and loads) load only) 
Base line p-c. p-c. 
1. +» (gross) 17-0 19-9 
2. Post-absorptive metabolism, lying 19-1 21-4 
3. Work-position metabolism 19-7 — 
4. Metabolism of subject on motor-driven ergometer 27-0 — 
5. Metabolism of subject driving unloaded ergometer § — 30-0 — 
6. Work increment oderate—light load 30-0 ae 


cincrement (Heavy: load 33-0. 
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In their comprehensive experiments they discuss the difficulty of ob- 
taining a suitable base line from which to measure the excess metabolism 
actually devoted to the external work, and state the efficiencies of 
M. A.M. as calculated from various base lines. Table V summarizes their 
results. It is apparent from these figures how much the efficiency may 
vary with the base line selected, a difficulty commented on by various 
other workers, e.g. Lindhard [1915] and Dickinson [1929]. 
Now, according to Hill’s formula 
W,(1-k 
i= a a + | 
with increasing ¢, the efficiency must rise to an optimum and again fall. 
This is true whatever value be given to b, the “‘maintenance” constant. 
In Hill’s original inertia flywheel experiments, in which the formula was 
first developed, 6 was given a value such that the maximum efficiency 
calculated from the formula would be 26 p.c. This figure was assumed to 
represent the actual maximum efficiency of human muscle, and an im- 
' portant factor in Hill’s selection of this figure was the average efficiency 
of 27 p.c. recorded by Benedict and Cathcart for M.A.M., when the 
motor-driven ergometer base line was used. This particular base line was 
considered by Hill to be the most valid. In Hill’s formula the optimum 
duration of contraction corresponding to an efficiency of 26p.c. is 
practically 1 second. 

Later, Lupton [1923] determined by actual metabolic measurement 
the energy cost both of setting up and maintaining contraction in the 
arm muscles used in the inertia flywheel experiments. He obtained values 
for b essentially in accord with the value adopted by Hill; his observa- 
tions gave a mean value for the optimum efficiency of 26-7 p.c. and an 
optimum duration of contraction of 1-36 sec. In the same paper, Lupton 
records observations on the efficiency of stair climbing as determined by 
oxygen consumption methods; he found a maximum efficiency of 24-4 p.c. 
with an optimum step duration of 1-3 sec. In these stair-climbing ex- 
periments the efficiencies were calculated after deducting a work-position 
basal. 

Cathcart, Richardson and Campbell [1924], in experiments 
on a hand ergometer, found a maximum efficiency of 24-7 p.c. (calculated 
after deducting the metabolism in the lying position, but not post- 

absorptive), and an optimum duration of contraction of $f or 0-75 sec. 

Campbell, Douglas and Hobson [1920], in bicycle pedalling, found 

efficiencies of 24 to 25 p.c. (deducting work-position basal). Only one 

speed, 50 pedal rev. per min., was investigated, but it is noteworthy that 
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this speed was chosen because the subjects found it to be the most com- 
fortable. Atzler, Herbst, Lehmann and Miiller [1925] found, for 
hand-crank turning, an optimum duration of 0-7 sec. 

Recently, Dickinson [1929] has carried out a series of experiments 
on the efficiency of bicycle pedalling at various speeds. The load was 
kept approximately constant and the speed alone was varied. The 
duration of the working period was relatively short (from approximately 
1 to 10 min.) and the metabolism was estimated by the excess oxygen 
method. In these experiments Dickinson found a maximum efficiency 
of 21-8 p.c. at an optimum duration per leg movement of 0-9 sec. (work- 
position basal deducted). Her results showed good agreement with the 
predictions from Hill’s formula, but she notes and discusses various 
complicating factors which prevent unqualified acceptance of the values 
experimentally obtained for the constants. ; 

The concept aroused by Hill’s efficiency formula is one of a m 
or simple muscle group exerting the maximum effort of which it is 
capable, and of the energy expended by that muscle or muscle group — 
alone. The formula takes no account of the energy cost of maintaining 
the body in the working position, a cost comprised within the work- 
position basal, nor does it take account of the energy expenditure of all 
those muscles which serve to provide a fixed point from which the ef- 
fectors of the external work may act. Further, the excess respiratory and 
cardiac work demands an energy expenditure which does not appear in 
the formula, and the energy cost of moving the limbs themselves, though 
perhaps in some cases negligible, in others may be quite the reverse. 

Theoretically the determination of the metabolic requirement of 
driving the unloaded ergometer should take account of all these accessory 
sources of energy expenditure, with the exception of the excess respiratory 
and cardiac work. There is, however, no guarantee that the movements of 
the subject driving the unloaded ergometer are reproduced exactly during 
the performance of the work; in fact, the operators’ subjective impression 
is that they are often quite different. In the same way it is doubtful if 
even the cost of sitting on the bicycle with the pedals stationary is of 
the same magnitude during movement, loaded or unloaded, at the various 
In experiments of the present type the relation of the results to 
Hill’s formula is best brought out by their expression as physical work 
and energy cost per leg movement. The results expressed in this way are 
_included in Table I, and set out graphically for G.M. W. in Graph I, and 
for R.C.G. in Graph II. For the sake of comparison the few data for 
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M.A. M., in which no-load metabolisms were available, have been taken 
from Benedict and Cathcart’s paper and treated similarly (Graph III). 


Energy liberation per leg movement 


ry 


R.C.G. MAM 
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Pedal revolutions per min. 


In these graphs the uppermost curve represents the total energy out- 
put; the lowest the work-position metabolism; and the curve immedi- 
ately above this the metabolism of driving the machine unloaded. On 
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this last curve as abscissa a fourth curve of the physical work has been 
drawn; the physical work is thus represented by the distances between 
this curve and the no-load curve. While open to criticism, the external 
work has been depicted in this way in order to provide a better visual 
representation of its magnitude relative to that of the excess energy out- 
put (total energy less no load energy). 

The points illustrated by’ the tables and the graphs may be summarized 
as follows: 

(1) The efficiency, as calculated on a gross basis and also after the 
deduction of the work-position metabolism, shows a definite optimum at 
104 leg movements per min. 

(2) The efficiency, calculated after deduction of the no-load meta- 
bolism, shows a progressive rise with increasing speed. The validity of 
efficiencies, calculated on this basis, entirely depends, of course, on the 
assumption that the no-load as determined experimentally exists un- 
altered in amount during the performance of the external work. The 
doubtful nature of this assumption we have already commented on. 

(3) The cost of the no-load movement shows a minimum about 120 leg 
movements per min. Deducting the work-position basal, the cost of 
moving the legs alone has a minimum at 104 leg movements per min. 
_ (G.M.'W.), and 90 leg movements per min. (R.C.G.). Thus, it would 
appear that, in the present subjects at least, the cost of doing internal 
work in moving the limbs themselves, and the gross cost of doing external 
work, are equally at a minimum in the region of 104 leg movements per 
min. The criticism might be advanced that, in the no-load movement, the 
subject is doing some external work in overcoming the frictional re- 
sistance of the ergometer, but the magnitude of this work is relatively 
‘very small. 

(4) The graphs bring out the point that, at the higher speeds, a very 
large proportion of the total energy expenditure is absorbed in the no- 


: - cost of no-load movement 
movement. At the highest speeds the ratio 


is, for G.M. W. 62-1 p.c., for R.C.G. 61-7 p.c. and for M. A.M. 40-7 p.c. 
In fact, by prolonging the curves for the total energy expenditure and 
for the cost of the no-load movement, they would be found to meet, in 
both of the present subjects, at a speed of approximately 120 rev., i.e. 
a duration of leg movement of 0-25 sec. At this speed all the energy 

liberated would be absorbed by the no-load movement (cf. with k below). 
: (5) In comparing the present untrained subjects with the professional 
cyclist, M.A.M., we find the following (at 95-98 rev. per min.): 
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Energy expenditure per leg movement (Cal. ) 

G.M.W. R.0.G. M. A.M. 
Total... 0-0475 0-0551 0-0561 
No load ae 0-0295 0-0340 0-0228 
Excess of total over no load 0-0180 0-0211 0-0333 


Thus it appears that the fundamental difference between the trained and 
untrained subject is the cost of the no-load movement. No doubt the 
trained subject, by his more perfect coordination, is able to stabilize his 
body in the working position by the use of fewer accessory muscles. In 
this connection it is interesting to note that the present subjects ob- 
served a tendency of their no-load metabolism to fall at the higher speeds 
as the experiments progressed. If we assume that this fall would, through 
training, have gone on until their no-load metabolism diminished to that 
of M.A.M., then the efficiencies (calculated after deducting the no-load 
metabolism) would run somewhat as the dotted lines in the efficiency 
graphs. This calculation is introduced merely to show how greatly the 
actual metabolic cost of the external work may be influenced by the 
magnitude of the no-load metabolism. 

(6) An attempt was made to compare our results, expressed per leg 
movement, with Hill’s efficiency formula. 

The numerator of this formula shows that the external work derivable 
from a muscle diminishes with increasing speed. In an infinitely slow 
contraction the external work W would be equal to W,, the potential 
energy of the tense muscle; with increasing speed, W becomes a smaller 
and smaller fraction of W, until, when the contraction is so brief that 
t = k, no external work is done at all. Apart from any strict interpreta- 
tion of k as a constant indicative of the viscous resistance of the muscle, 
the relation W = W, (1 — k/t) has been shown to hold in many types of 
muscular effort. Most of these have been really maximal efforts, efforts 
which have rapidly produced a considerable oxygen debt. There seems, 
however, no theoretical reason why it should not hold in subjects working, 
as in the present experiments, in the steady state; though the fact that 
the subject has to gauge his effort as one which he can maintain for an 
hour or so will make the results more liable to variation. 

While we do not wish to stress the following calculations, more par- 
ticularly the value of W, as being the maximum theoretical work of the 
limb muscles, it seems worth recording that the variation of external 
work with speed in the present subjects (especially in G.M. W.) can be 
brought more or less into line with the formula by deriving a value for k 
from two extreme speeds and applying this value to the calculation of 
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the external work which should be done at the intermediate — 
(Table VI). 


Tastz VI. 
G.M.W. R.C.G. 
W,=0-0213 Cal., k =0-236 W, =0-0323 Cal., k=0-232 
W calculated from W, Actual W  Wealculatedfrom W, Actual W 
Speed ; Cal. per leg movement 
25 0-0171 0-0202 0-0261 0-0261 
28 0-0166 0-0166 0-0277 
35 0-0154 . 0-0147 0-0231 0-0211 
45 0-0138 0-0137 0-0211 0-0181 
52 0-0126 0-0125 0-0193 0-0181 
70 0-0084 0-0148 0-0111 
86 0-0069 0-0069 0-0108 
95/98 0-0054 0-0054 0-0078 0-0078 


Further, according to theory, & is also the limiting duration of leg 

movement at which the external work would become zero. With the above 
_ values of k, external work would become impossible in G.M. W. at a speed 
of 254 leg movements (127 pedal rev.) per min., and, in R.C.G. at aspeed _ 
of 259 leg movements (129 pedal rev.) per min. As noted above, extra- 
polation from the graphs indicates a total absorption of the energy ex- 
penditure in the no-load movement at very similar speeds. 

(7) The denominator of Hill’s formula expresses the finding that the 
energy used by muscles in doing work is made up of a constant factor 
necessary to set up contraction and a factor for maintaining the contrac- 
tion, the latter increasing in magnitude as the speed falls. We have been 
quite unable to make our results for the excess metabolism (total meta- 
bolism less no-load metabolism) conform to a formula of this type. This 
is but a further indication of how difficult it is to obtain, in ordinary 
metabolic experiments, a true value for the metabolism actually devoted 
to the work. It is solely with this energy quota that the denominator in 
Hill’s formula is concerned. The formula takes no account of the energy 
for ordinary maintenance of the body, of the considerable and speed- 
varying fraction of energy utilized in stabilizing the body during the 
work, nor of the demands of the cardiac and respiratory muscles. Unless 
means of eliminating these accessory but essential modes of energy ex- 

penditure by satisfactory no-load experiments can be devised, anything 
but the most general application of Hill’s formula to experiments of the 
present type seems impossible. , | 
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SumMarRY. 


Experiments on the efficiency of bicycle pedalling in two ae. 
using a Krogh ergometer with a special speed governor, have been 
carried out over a wide range of speeds. 

The optimum gross efficiencies obtained were 16-3 p. ¢. in one subject 
and 18 p.c. in the other. 

These optima were obtained at about 52 pda? rev. per min., 7.e. when | 
the duration of contraction of the effector muscles could not have ex- 
ceeded 0-6 sec. 

The metabolic cost of driving the unloaded ergometer also mre a 
minimum in the neighbourhood of the same speed. | 

The efficiencies calculated after deducting the metabolic cost of the 
work position were, on the whole, 2 to 3 p.c. higher, and showed an 
optimum at the same speed. 

The efficiencies obtained after deducting the metabolic cost of the no- 
load movement showed a progressive rise with increasing speed. The 
validity of the efficiencies calculated on this basis is discussed. 

The presence of an optimum efficiency at a certain speed is in accord 
with the general deduction from A. V. Hill’s efficiency formula, but the . 
impossibility of isolating the fraction of the total metabolic energy de- 
voted to the actual effector muscles makes the rigid application of Hill’s 
formula to metabolic experiments on the human subject in the steady 
state impossible. 

It is impossible to obtain experimentally the real efficiency of the 
effector muscles in any human effort, owing to the difficulty of getting an 
accurate no-load base line. In fact the only efficiencies obtainable from 
metabolic experiments on the human subject, that are of any practical 
value, are gross efficiencies. 


The authors would like to express their indebtedness for valuable 
criticism to Prof. E. P. risers at whose suggestion this — 


was begun. 
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THE ENERGY LIBERATED IN TOTAL EXHAUSTION 
OF FROG’S MUSCLE. 


By K. HUKUDA. 


(Frm the Department of Physiology and Biochemistry, 
University College, London.) 


A SYSTEMATIC investigation has been performed on the total energy 
liberated anaerobically in stimulation to complete exhaustion (a) in 
normal muscles and (6) in muscles poisoned with iodoacetate (I.A.) in 
which no lactic acid is formed [Lundsgaard, 1930]. Very constant 
values were obtained, namely about 1-0 cal. per 1 g. of normal muscle, 
and about 0-42 cal. per 1 g. of I.A. muscle, each without regard to dif- 
ferences of temperature or of frequency of stimulation. 

The same batch of Dutch frogs (R. esculenta) was used throughout. 
The sartorius muscles were mounted on a thermopile of the usual type 
[Hill, 1928], and put first in oxygenated Ringer’s solution for 2 hours, 
or longer, and then the oxygen was removed by bubbling purified nitrogen 
for at least 20 minutes through the solution in the muscle chamber. The 
solution was then replaced by nitrogen saturated with water vapour. To 
poison the muscle Ringer’s solution containing 1 in 17,000 of neutral 
iodoacetate was introduced into the chamber, oxygen was passed for 
30 minutes, then nitrogen for at least 20 minutes, after which the solution 
was withdrawn and replaced by nitrogen. 

The muscle was stimulated directly at regular intervals (12 and 24 
per minute) with single just-maximal break shocks from a Harvard in- 
duction coil. The thermopile was immersed in a thermostat either at 
0° C. or at 20° C. The heat liberated by the muscle was measured by the 
myothermic method [Hill, 1928] by means of “‘area”’ calibration. 

Normal muscles. At 20° C. the isometric twitches showed three stages: 
(a) of “Treppe,” (6) of constant contractility, (c) of decreasing con- 
tractility tending to exhaustion. Correspondingly the deflection-time 
curve of the galvanometer showed at first a quicker and then a slower 


* 0-675 g. NaCl, 0-02 g. CaCl,, 0-015 g. KCl per 100g. solution, freshly buffered with 
sodium phosphate mixture pH 7-2 (10 mg. P per 100 c.c.). 
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rate of rise until the end of the second stage: in the third stage the de- 
flection gradually decreased until it reached the final base line. The latter 
was higher than the original base line by an amount corresponding to 
the increased osmotic pressure of the muscle [Hill and Kupalov, 1930; 
Hill and Parkinson, 1931]. 

The total anaerobic heat liberated in ten —s Was as follows 
(all in April): 


yee 2 3 4 5 6 7 8 9 10 


Total heat, cal. per g. 104 1:06 1:16 1-13 104 091 102 101 0-89 085 _ 
Average... 1-08 0-94 


Normal muscles. At 0° C. the second stage is not distinguishable from 
the third, both showing a steady decrease of contractility as well as heat 
rate. The maximum deflection occurs later than the maximum of con- 
tractility; this is due to the time lag of the galvanometer system when 
used for temporarily accumulating heat. The total santa in five experi- 
ments was as follows (all in March): 


No. ... 2 3 4 5 

F. M. M. 

Shocks permin. ... 12 12 12 12 12 

Total heat, cal. perg. 0-68 1-14 1-02 1-11 0-81 
| Average... 0-95 


1.A. muscles. At 20° C. the three stages of contractility exist as in 
normal muscle. The second and third, however, are much shorter, and in 
the beginning of the third stage the first sign of contracture appears 
which soon develops its full strength. This applies both for frequent and 
for less frequent stimulation. The total heat liberated by poisoned muscle 
is very constant and unaffected by the rate of stimulation. 


Shocks per min. 34 34 34 

Total heat, cal. perg. 049 0-55 0-44 0-46 

Average... 0-47 

wer Mar. Ma Apr. A Apr. A A 
Shocks per min. ... 12 12 12 12 12 


F. 
12 
Total heat, cal. per g. 0-37 0-43 0-49 oa a a oa 0-41 0-45 0-52 ai 
Average... 0-43 
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The ratio of total heat to total tension is much larger (7'l/H is smaller) 
in poisoned than in normal muscles. For example: 5; 

1. Normal muscle at 20° C., 12 shocks per min., total heat? 1: 01 cal., 
total tension? 62,900 g. 7'l/H = 2-92. 

2. IA. muscle at 20° C., 12 shocks per min., total heat 0-41 cal., total 
tension 14,700 g. TlH = 1-67. 

3. Normal muscle at 20° C., 34 shocks per min., total heat 1-04 cal., 
total tension 47,900 g. = 16. 

4. IA. muscle at 20° C., 34 shocks per min., total heat 0-37 cal., total 
tension 7300 g. T'l/H = 0-92. 

This appears at first to be contrary to the statement that T/Hina 
muscle twitch is unaffected by poisoning with I.A. [Fischer, 1931; 
-Meyerhof, Lundsgaard and Blaschko, 1930; Cattell, Feng, 
Hartree, Hill and Parkinson, 1931.] The fact is that in the I.A. 
muscle, during the onset of contracture, much heat is liberated con- 
tinuously between, as well as momentarily during the twitches. The total 
heat contains the former as well as the latter. This is easily shown by 
stopping the stimulation when the heat production is not found to cease 
altogether. ' 

Intermittent stimulation produced: about the same total heat as 
regular stimulation (all experiments in April). 
| Total Shocks 


heat, | 
cal. perg. min. Stimulated during 


Sex 

F, 0-33 12 Ist, 3rd, 5th, 7th, 9th, 11th, 13th min.—exhaustion 
fk 0-43 12 Ist, 3rd, 5th, 7th, 9th, llth, 13th, 16th min.— 
exhaustion 
M. 
M, 


037 £4 The first 1} min., th iain. 
047 34 The first 2 min., 8th min.—exhaustion 


In some muscles liberation of heat and performance of mechanical 
work continue very much longer than in others. No difference, however, 
in total heat results. The initial tension. moreover, does. not appear to 
affect the total heat. 

IA. muscles, At 0° C. the first stage of the heat production is similar 
to that of normal muscles at 0° OC. The isometric record also during the 
first 1 or 2 minutes is similar to that of normal muscles, but later the 
diminution of contractility is more marked. It takes generally about 10 
minutes (12 shocks per min.) for the twitches to be reduced to about one- 
tenth, and it is at about this time that the contracture begins to appear 

which, slowly increasing in strength, reaches finally a constant level. The 


1 Both reckoned per gramme.of muscle, — 
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tension of contracture (10 to 15 g.) is about two-thirds of that at 20° C. 

(15 to 20 g.). Contracture begins at 20° C. much earlier. The total energy, 

however, per 1 g. of poisoned muscle at 0° C. is remarkably equal to that 

at 20°C. (All experiments in March except the first si in February ; 

all at 12 shocks per min.) 

2 3 4 5 6 7 8 

Total heat, cal. perg. 043 046 044 0:24 0:39 035 030 0-54 

0 ll 12 13 14 15 

F, M. M. M. M. 


eee F 
Total heat, cal. perg. 048 049 043 046 0:29 033 0-41 


— 


It is possible to poison a muscle at 0° C. if only it be soaked for a suf- 
ficiently long time (2-4 hours) in I.A. Ringer’s solution. Some muscles 
were prepared by this means, others by poisoning first at room tempera- 
ture and then cooling to 0° C. No difference was noticed between these 
two groups. 
ye With regard to the absolute values of the total anaerobic heat given 
above, it will be noticed that they are somewhat higher for the case of the 
I.A. muscle than those of Hill and Parkinson [1931], averaging 0-42 
instead of 0-37. The total amount of phosphagen, and the stimulation 
maximum of lactic acid, may differ in different batches of frogs and at 
different times of year: and the procedure of cutting out, blotting and 
weighing the inter-electrode region of the muscle naturally involves some 
degree of personal discretion. The more careful removal, before weighing, _ 
of the solution adhering to the surface of the muscle is probably the chief 
cause of the difference observed. 


SuMMARY. 

1. The total heat liberated anaerobically by a frog’s sartorius (March 
and April), in stimulation by a series of induction shocks to complete 
exhaustion, has been measured. It is independent of temperature and of 
frequency of stimulation. In normal muscles it is about 1-0 cal. per g.: 
in similar muscles poisoned with iodoacetate, in which lactic acid forma- 
tion is impossible, it is about 0-42 cal. per g. 

2. The ratio of total tension developed in a series of twitches to total 
heat up to the stage of complete exhaustion is considerably less in 1A. 
muscles than in normal ones. This is due to the fact that in poisoned 
| | museles heat production occurs continuously during the onset of con- 
tracture, as well as during the individual twitches. 
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My best thanks are due to Prof. A. V. Hill for his advice and 
criticism, to Mr J. L. Parkinson for his help and to Dr E. Lunds- 
gaard for valuable suggestions. 
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THE METABOLISM OF THE ISOLATED HEART 
OF THE FROG. 


_ By A. J, CLARK, R. GADDIE ann C. P. STEWART". 


(From the Departments of Materia Medica and Therapeutics, 
University of Edinburgh.) 


I. Inrropvction. 
THE experiments described in this paper were commenced in October, 
1929, and in June, 1930, the authors reported [1930 a] that the glycogen 
loss of a frog’s heart perfused with Ringer’s fluid corresponded to about 
one-eighth of the oxygen consumption actually observed, and concluded 
that carbohydrates constituted less than one-quarter of the material 
oxidized by the isolated heart. In July, 1930, we reported [1930 6] that 
estimations of the total carbohydrates showed that carbohydrate con- 
sumption only represented a small fraction of the total metabolism of the 
frog’s isolated heart, even when this was perfused with serum to which 
glucose and insulin had been added. These conclusions are supported by 
recent work by other authors. 
Wertheimer [1930] found that the frog’s isolated heart, perfused with Ringer’s fluid, 
used no carbohydrate at all during periods of from 5 to 24 hours. Visscher [1928] and 
Visscher and Mulder [1930] found that the carbohydrate used during 4 hours’ perfusion 
by the dog’s heart-lung preparation was only sufficient to account for 20 p.c. of the total 
oxygen consumption. Witting, Markowitz and Mann [1930] found with the rabbit’s _ 
perfused heart, that hearts which had been rendered almost free from glycogen survived 
just as well as did normal hearts, | 
All this evidence agrees in proving that perfused hearts of frogs and 
mammals can derive energy from non-carbohydrate material. This con- 
clusion is also supported by the fact that the R.Q. of the dog’s heart-lung 
preparation is about 0-85 [Starling and Evans, 1914], although this 
can be raised to between 0-9 and 0-95 by addition of excess of insulin and 
glucose [Bayliss, Miller and Starling, 1928]. On the other hand a 
large volume of evidence proves that under anaerobic conditions 
the hearts of frogs [Wertheimer, 1930], tortoises [Redfield and 
Medearis, 1926 and Gemmell, 1928], and mammals [Katz and Long, 
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1925] break down carbohydrates to lactic acid. Anesthesia also causes 
a rapid decrease in the glycogen content of the mammal’s heart [Brow 
and Long, 1930]. 

In this paper we present details of our evidence that the chief source 
of energy in the perfused heart is non-carbohydrate, and that a con- 
siderable nitrogenous metabolism occurs. Our experiments do not pro- 
vide any direct evidence concerning the nature of the chemical changes 
that actually produce contraction but are concerned solely with the 
nature of the material that provides the energy for cardiac activity. 


II, EXPERIMENTAL METHODS. 

The frogs used were R. esculenta (Hungarian) and the experiments 
were conducted throughout the year. Errors due to seasonal variation 
were avoided by making frequent control analyses of the hearts. The 
laboratory temperature seldom rose above 18°C. and the respiratory 
exchange was measured in a bath kept at 15° C. by a thermostat accurate 


to the nearest 0-05° C. The Ringer’s fluid had the percentage composition 
‘NaCl 0-65, CaCl, 0-024, KCl 0-015 and sodium phosphate 0-02 (pH = 7-6). 


The hearts were perfused with the double cannula used by Clark and 
White [1928]. The consumption of oxygen and the output of carbon 
dioxide were measured over periods of from 6 to 24 hours. Analyses were 
made of the total carbohydrates and of the fats and also of the products 
of nitrogenous metabolism (urea and ammonia), both in the hearts and 
in the perfusion fluids. The details of the experimental methods are given 


in the appendix. 


III. CARBOHYDRATE METABOLISM DURING PERFUSION WITH 
FLUIDS CONTAINING LITTLE OR NO CARBOHYDRATE. 


Estimations of the glycogen and total carbohydrates present in the 
hearts and bloods of frogs and tortoises gave the values shown in Table I. 
Unfortunately these figures were found to be very variable, and hence 
relatively large numbers of experiments had to be made in order to ob- 
tain average figures of adequate accuracy. 

The hearts were perfused for periods of 6 and 24 hours éither with 
Ringer’s fluid containing no sugar, or else with a mixture of one part frog’s 
serum and four parts of Ringer’s fluid. The latter mixture contained 
0-01 p.c. of sugar, which corresponds to a content of 0-2 mg. in 2 c.c.; 
hence the amount of sugar that the hearts could obtain from the fluid was 
very small. The Ringer serum mixture was preferable to Ringer alone as a 
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petfasion fluid because with the former the hearts leaked less and main- 
tained a greater activity. 


Tastz I. Carbohydrate content of controls. 


Mean values of control. 
Analyses (p.c. of moist weight) 
No. of Mean Standard — error of 
heart wt. deviation mean 
i in g. Mean (o) (S.E.M.) 
Frog’s heart I Glycogen 0-546 -10 02 
34 Total carbo- -140 1-424 40 
hydrate 
Frog’s blood 10 Total carbo- 0-167 032 10 
hydrate 
8 Sugar 0-035 025 008 
Frog’s plasma 5 Total carbo — 0-093 026 013 
hydrate 
6 Sugar 0-026 014 
Frog’s serum 29 Sugar — 0-044 02 004 
Tortoise heart: ; 
aur. 8 Total carbo- oa 1-547 76 23 
ventr. 8 hydrate a 1-370 69 -26 
- Tortoise serum 15 Sugar a 0-051 015 004 


. The effects of perfusion on the glycogen content of the heart are shown 
in Table IV. The figures show a 50 p.c. reduction after 6 hours’ perfusion 
and a slight further reduction after 24 hours’ perfusion. These results are 
reproduced because they were the basis of a note we published previously 
[1930 a]. We believe that they are all too low, but that they indicate a 
breakdown of glycogen during the first few hours of perfusion. The effect 
of perfusion on the total carbohydrate content of the heart is shown in 
Table V. These figures show no loss of carbohydrate during the first 
6 hours’ perfusion with Ringer’s fluid, but a 50 p.c. loss after 24 hours’ 
perfusion. This suggests that the glycogen loss observed in the first 6 
hours’ perfusion is due to the glycogen being changed to lower carbo- 
hydrates. 

These results support the important conclusion of Wertheimer 
[1930], that there may be no carbohydrate loss in a frog’s heart after 
several hours’ perfusion. He obtained the following figures: Glycogen 
content of fresh hearts 1-72 p.c. (fifteen experiments); glycogen content 
of hearts after 2-32 hours’ perfusion with Straub’s cannula 1-77 p.c. 
(fifteen experiments). Total carbohydrate content of heart strips: fresh 
(seven experiments) 2-3 p.c.; after excision for an average of 8 hours 
(eight experiments) unstimulated 2-18 p.c., stimulated 2-14 p.c. 
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Our results differ from those of Wertheimer in that we find a 50p.c. 
loss of carbohydrate after 24 hours’ perfusion. This may be due to a dif- 
ference in our methods of perfusion. The energy production and hence the 
metabolism of the frog’s heart depends on the degree of diastolic filling. 
In our method the auricular contraction filled the ventricle, and the pres- 

‘sure produced by the auricular contraction is equal to about 10 cm. of 
water, The diastolic stretching of our hearts was much more efficient than 
that which occurs with the Straub’s cannula, or with the ventricular 
strip, which were the two methods used by Wertheimer. Consequently 
the metabolic rate of our hearts was probably considerably greater than 
that of those studied by, Wertheimer. This may account for the dif- 
ference in the carbohydtate consumption in the two cases. 

Table II shows the results of six experiments in which both the carbo- 
hydrate content and the respiratory exchange were measured during 


Tastz II. Metabolic exchange in hearts perfused 5-8 hours with Ringer’s fluid. 


Su 
exoreted 
into 
no, Total Ringer’s 
experi- Heart Duration a hydrate in fluid 
ments wt.inmg. in hrs. hr. in ¢.c. R.Q. heart asp.c. in mg. 
125 ‘200 6 “274 1-851 “16 
126 +265 6 271 905 1-444 06 
131 ‘171 5 _ 213 918 1-242 0 
133 7 “156 894 1-500 “04 
136 “131 7 ‘878 1-228 18 
Average... +184 6 -197 883 1-440 ‘ll 
(Standard errors of means: R.Q. =0-012; total carbohydrate =0-09.) 
Tasz III, General averages for perfusion with Ringer’s fluid. 
of 
experi- No.of Mean Standard 
ment Mean _ error of 
inhrs. ments wt.ing mean 
Perfused Ringer’s fluid: 
_ Oxygen usage in c.c. per hr. 6 21 182 23 019 
24 6 146 “ll 014 
Respiratory quotient 6 21 182 “86 008 
24 6 146 82 013 
Sugar excreted in mg. 6 48 140 19 023 
24 23 133 40 056 
Nitrogen excreted in mg, 062 ‘01 
Perfused Ringer serum: 
Oxygen usage in c.c. per hr. 6 8 147 +28 025 
24 ll 168 “16 015 
Respiratory quotient 6 8 147 “84 029 
24 4 161 “85 035 
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necessary to subtract from the calculated carbohydrate loss the quantity 


_ therefore only account for 16 p.c. of the oxygen used. 
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about 6 hours’ perfusion. Table ITI shows the general averages of these 
and other experiments. 


Sugar excreted by the heart. 
Table III shows that when the frog’s heart is perfused with Ringer’s 
fluid a certain amount of sugar is excreted from the heart into the fluid. — 
These general averages show a sugar excretion of 0-03 mg. per hour for 
the first 6 hours, and (by subtraction) an excretion of 0-012 mg, per hour 
between 6 and 24 hours. In ten experiments the Ringer was changed at 
the end of 6 hours, and these averages show a sugar content in 2 ¢.c. of 
perfusion fluid of 0-011 p.c. after 6 hours and 0-005 p.c. after 24 hours. 
These figures correspond to an excretion of 0-037 and 0-005 mg. per hour 
respectively. The sugar excretion therefore decreases after the first few 
hours’ perfusion. 
The Ringer serum mixture contained originally 0-01 p.c. sugar and no 
certain alteration occurred during 6 hours’ perfusion; after 24 hours’ per- 
fusion the sugar fell to about 0-005 p.c. 


| : Carbohydrate oxidized by the heart. 
In order to calculate the carbohydrate metabolized by the heart it is 


of sugar excreted into the perfusion fluid. 

This calculation leads to the surprising conclusion that during the 
first 6 hours’ perfusion there is actually a slight increase in the total 
carbohydrate present; Wertheimer’s figures also show a similar slight 
increase. We have no explanation to offer for this result?. The figures for 
24 hours’ perfusion show a definite carbohydrate loss, but this loss is quite 
insufficient to account for the oxygen consumed. For example, Table V 
shows that the average carbohydrate loss from hearts perfused with 
Ringer’s fluid for 24 hours was 1 mg. The average excretion of sugar into 
the perfusion fluid was, however, 0-4 mg. in 24 hours (Table III) which 
gives a net carbohydrate consumption of 0-6 mg. The oxygen use in 24 
hours was, however, 24 x 0-1] = 2-64 .c., and this would be sufficient 


to oxidize 2-64 x gag = 3+ mg. The carbohydrate disappearance can — 


Hearts perfused with Ringer serum mixture used more oxygen and 
lost more carbohydrate. As regards the perfusion fluid there was no 
certain loss or gain during the first 6 hours, but about 0-1 mg. sugar dis- 
— “a the fluid after 24 hours’ perfusion. The total carbohydrate 

Cf, footnote, p. 460. 
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disappearing from the heart and fluid in the first 6 hours accounts for 
23 p.c. and the loss in 24 hours for 27 p.c. of the oxygen used. This dis- 
crepancy between carbohydrate loss and oxygen usage is illustrated par- 
ticularly clearly by the following experiment. 


Rap. 159. Heart (wt. 0-152 g.) perfused with 2 c.c. frog’s plasma for 32 hours. Oxygen 
usage 9) c.c. The carbohydrate content of the plasma was originally 0-09 p.c.; at the end 
of the experiment 0-01 p.c. This corresponds to » loss of (90 — 10) x +5 =1-6 mg. The total 
carbohydrate content of the heart was 0-70 p.c. The original content was of course unknown, 
but if it be taken as twice the average, namely 2-8 p.c., then the carbohydrate loss is 
(2-8 ~0°7) x 1-52 =3-2 mg. The carbohydrate lost from heart and fluid together was there- 
fore 1-6 +3-2=4-8 mg. which corresponds to an oxygen usage of 3-6 c.c. and this is only 
40 p.c. of the oxygen actually used. To account for the whole of the oxygen usage observed 


content of 7 p.c. 


The respiratory quotient. | 

The average 8.Q. of hearts perfused with Ringer’s fluid for 6 hours was 
0-86 (Table III). The value for 24 hours was 0-82, but we believe the 
latter figure to be less accurate than the former. The k.Q. of hearts per- 
fused with Ringer serum was 0-84. In certain experiments the heart was 
perfused alternately with Ringer’s fluid and Ringer serum and the R.Q. 
was always slightly lower in the latter case. The difference is the more 
certain because Ringer’s fluid during perfusion takes up CO,, whilst the 
Ringer serum mixture evolves CO,, and this experimental error would 
tend to produce the opposite change in the R.Q. to that which was ob- 
served. 

The 8.Q. of 0-86 observed with hearts perfused with Ringer’s fluid 
during the first 6 hours is remarkably high in view of the fact that 
little or no carbohydrate is used during this period. This value practically 
excludes the possibility of any extensive fat usage, but the usually ac- 
cepted figure of 0-8 for the R.Q. of protein metabolism does not explain 
the value found. The R.9. of 0-86 can, however, be explained by the 


assumption that the heart oxidizes the simpler amino acids; this question — 


is discussed in Section vi of this paper. 


The resting metabolism of the heart. 

Clark and White [1928] concluded that the resting metabolism of 
the heart differed from the metabolism associated with the contraction 
process in certain important respects. They found that the resting meta- 
bolism was not affected by processes such as removal of calcium or addi- 
tion of narcotics, which abolished contraction. We therefore compared. 
the respiratory quotient of. the full and empty hearts. The following are 
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the mean results obtained in ten experiments; in seven experiments the 


hearts were perfused with Ringer and in three experiments with serum. 
In some experiments the heart was first put up empty and then filled, 


= and in other experiments this order was reversed. 


Heart filled Heart nearly empty 


No.of Heart Oxygen Oxygen 

experi- weight Duration use c.c. Duration usecc, 

ments in g. in hrs. per hr. R.Q. inhrs. perhr. § BQ. 
10 0191 #238 0-269 0-854 3 0-086 0-830 


The measurement of the respiration of the empty heart is subject to 
several errors, but it is interesting to note that although the oxygen use 
» of the nearly empty heart was only one-third of the well-filled heart, yet 
= no certain alteration in the respiratory quotient was observed. 


The metabolism of fresh and hypodynamic hearts. 

No constant difference was observed in the R.Q. of fresh and hypo- 
dynamic hearts. The following figures, which are the averages of five ex- 
periments, illustrate this point. 

Hearts after 24 hours’ perfusion 
Fresh hearts with Ringer serum mixture 


heart Duration use c.c. Duration use c.c. 
wt.ing. inhrs. per hr. B.Q. in hrs. per hr. R.Q. 
0-171 4 0-177 0-80 5 0-125 0-82 


The respiratory quotients are probably about 4 p.c. too low, as the 
figures are taken from earlier experiments, in which certain errors in con- 
stants had not been eliminated. The figures show, however, that there 
is no certain difference between the respiratory — on the first and 
the second day of perfusion. 


IV. THE METABOLISM OF HEARTS PERFUSED WITH FLUIDS 
CONTAINING CARBOHYDRATES. 


We made a series of experiments to try to discover conditions under 
which the heart would utilize carbohydrate in preference to non-carbo- 
hydrate material. We tried the following mixtures: Ringer’s fluid and 
glucose, Ringer serum and glucose, and the same mixtures plus insulin. 
We first added insulin in doses of 0-001 to 0-01 unit per c.c., and when this 
proved ineffectual we raised the dose of 1 unit per c.c., a quantity which 
is hundreds of times greater than that likely to occur in life. Finally we 
made a series of —" first with heparinized blood and then with 
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heparinized blood plus glucose and excess of insulin. The last was the 
most favourable condition that we could devise for encouraging the use 
of sugar by the heart. . 


The influence of glucose on the total metabolism of the heart. 
Eismayer and Quincke [1930] found that addition of sugar 


_ caused an increase in the oxygen usage. We tested this point, and the 
following are average results for three experiments (heart weight 0-173 g.): 


Oxygen 
Duration inc.c. 

Perfusion fluid in hrs. per hr. B.Q. 
Rineer’s fluid 80 p.c.; serum, po gh 0-1 p.c. glucose 4-2 +309 “87 
The figures for the z.Q. are not very reliable because of the short duration 
of the first two periods, but the figures for oxygen usage clearly show that 
glucose causes no increase, whilst addition of serum increases the oxygen 


usage by 25 p.c. Addition of 0-1 p.c. glucose did not benefit the heart in — 


any demonstrable manner, indeed hearts in presence of glucose (with or 


without serum) regularly died after 20-30 hours’ perfusion, whereas hearts _ 


perfused with Ringer’s fluid or with Ringer serum without glucose often 
survived for 72 hours, and nearly always survived more than 30 hours. 


The influence of sugar on the carbohydrate content of 
the frog’s heart. 
In our earlier experiments we measured the effect of site sugar and 
insulin and sugar upon the glycogen content of the frog’s heart. These 
figures are shown in Table IV. The results are negative in that the addi- 


Tasiz IV. Glycogen content of hearts. 
Duration 
of No.of Mean Glycogen Standard 
perfusion experi- heart content deviation 
Perfusion fluid inhrs. ments wt.ing. .p.c. of mean 
Control Nil 21 “142 546 
8 097 250 
10 +125 ‘208 
6 147 
12 +125 
3 -102 


0-1 p.c. +i ir 15 
-(0-001-0-01 unit 
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tion of these substances did not appear to spare the glycogen in the heart. 
© Ina later series of experiments we measured the total carbohydrate con- 
fj tent of the hearts after perfusion. We selected perfusion fluids which we 
™ thought were most likely to give positive results. These experiments are 
= summarized in Table V. In the first place the addition of insulin even in 


Tax V. Effect of perfusion on the total carbohydrate 
2 Pan content of the frog’s heart. 
Mean total 

| carbo- 


= 


= 


hydrate Carbo- | 

content Standard hydrate 
perfusion experi- heart in of of ge 

on C. 

Perfusion fluid in hrs. ments wt.in g. twt. mean in mg. 


1-42 07 


: 


17 17487 07 0 
0-73 10 1-00 


a 
— 
© 
— 


12 +145 105 +15 0-53 
4 (0) 24 5 141 0-48 “ll 1-30 
serum mixture + glucose 0-05 p.c. | 

(a) 6 4 121 108 418 0-48 

8 040 06 1-13 

(a) 6 2 123 1-22 one 0-25 
a (b) 24 6 119 0-28 025 1-36 

ee 6. Ringer’s uid +insulin 6 8 “174 0-93 10 0-86 

6 

6 


7. Heparinized frog’s blood ‘177 154 0 


8. | 12 205 -03 0 
+ 


: 4 such an enormous overdose as 1 or 2 units did not poison the heart; in all 
"= cases this contracted regularly and well for periods up to 24 hours in 
presence of insulin. The addition of glucose often caused death after about 
20 hours, but survival for 24 hours was as common when insulin and 
© glucose were added as when glucose alone was added. The addition of 
insulin did, however, definitely increase the rate of removal of the carbo- 
hydrate in hearts perfused with Ringer’s fluid (Table V, 2 a and 6). The 
rate of disappearance of the carbohydrate of hearts perfused with Ringer 
serum mixture (Table V, 3a and 5) was not affected by addition of 
glucose (Table V, 4 a and 6) or by addition of glucose and insulin (Table V, 
5aand 6). On the other hand perfusion of hearts with heparinized blood 
(Table V, 7) prevented the diminution of the carbohydrate of the heart, 
whilst addition of glucose and insulin to the blood caused an increase in 
the heart carbohydrate (Table V, 8). 
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Cruickshank and Shrivastava [1930] using heart-lung preparations from normal 
dogs obtained the following percentage figures for the glycogen content of the left ventricle. _ 
Unperfused 0-573, perfused two hours with blood 0-502, perfused with blood plus glucose 

' 0-4 p.c. and insulin, 1-143. Visscher and Mulder [1930] using the same preparation ob- 
tained the following percentage figures for the glycogen content of the whole heart: un- 
perfused 0-560, perfused 4 hours with blood 0-516. 


The usage of sugar by the heart. - 
The utilization of sugar from perfusion fluids was studied by changing 
the perfusion fluid (volume 2 c.c.) at 4, 8 and 24 hours. The figures given 
in Table VI show that hearts perfused with glucose solution use less than 


Tasie VI. Utilization of carbohydrates from perfusion fluid. 


Initial Duration Final Sugar used by heart 
No. of Mean — of 


sugar 
experi- heart sugar perfusion content . per 
Perfusion fluid . “ments wt. ing. in hrs, mg.p.c. mg. 
1. Ringer + glucose ) 12 127 62 0-4 61 0 0 
4-8 51s O22 055 
8-24 37 0-50 031 
2. Ringer + glucose 15 “129 60 O-4 51 0-18 
0-001 to 0-01 unit 48 46 0-28 070 
8-24 34 0-51 032 
3. Ringer serum and glucose 7 “110 90 0-6 97 0 0 
8 56 0-24 7 098 
4. serum and glucose + 2 “120 103 0-6 82 07 
1-2 units 5 “119 1-12 047 
5. Heparinized blood 6 “151 47* 0-6 28 0-4 07 
187t 136 1-0 17 
6. H blood + insulin 12 +205 85* 0-6 56 0-6 -10 
1-2 units + glucose | 224t 186 0-8 “13 


* * Sugar. t Total carbohydrates. 


1 mg. during 24 hours, and none during the first 4 hours. The addition of 
insulin in quantities up to 0-01 unit slightly increased the sugar utilization. 
The figures obtained with Ringer serum plus glucose and with the same 
mixture plus insulin 1 or 2 units are very similar to those obtained with 
Ringer glucose alone. -In no case did the hearts use more than 0-4 mg. 
sugar during the first 6 or 8 hours or more than 1-1 mg. during 24 hours. 
Our figures suggest that the presence of insulin. slightly i increases the 
sugar consumption, but the increase is small in comparison with the total 
metabolism of the heart. The sugar consumption which would correspond 
to the average oxygen consumption of a heart is about 1-5 to 2-0 mg. in 
6 hours, and more than twice this figure for 24 hours. 

The sugar usage of hearts perfused for 6 hours with heparin blood was 
considerably greater, and estimations of the total carbohydrate gave a 
still higher figure for carbohydrate utilization. The addition of excess of 
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glucose and of insulin did not raise these figures however. Cruickshank 
and Shrivastava [1930] found with heart-lung preparations from 
normal dogs that addition of insulin doubled the sugar usage, and that 
addition of both insulin and excess sugar (0-4 p.c.) increased it five-fold. 
Our failure to get any marked increase in the sugar utilization with 
insulin and sugar may have been due to the relatively low concentration 
of sugar that we used. 

The figures given in Tables V and VI permit the calculation of the 
total carbohydrate utilized by the heart when the heart is perfused with 
solutions containing sugar. These results are tabulated in Table VII to- 
gether with the figures for the respiratory exchange. A comparison of 


Taste VII. Metabolic balance sheet of hearts perfused with solutions containing sugar. 


100 x O; 
equiva- 
M. 
of heart tee: hydrate 
in usage a Total” 
hres. expts. mg. perhr. Rk.q. Heart a+b 0, wae 
+ glucose 6 -267 -86 0 
24 4 150 ‘83 ~ 0-93 
serum+glucose 24 7. -113  -0-98 -21 
d blood 7 172 -260 90 +021 -10 -0-81 
blood + 54 7 193 -260 “90 +0-56 -0-8 —0-24 


Table VII with Table III shows that the addition of sugar to Ringer does 
not affect the R.Q. The average oxygen consumption is somewhat higher 
with sugar, but this difference is probably accidental. The presence of 
sugar in hearts perfused with Ringer serum mixture definitely raises the - 
B.Q. | 

In general our results indicate that hearts perfused with Ringer’s fluid 
or with Ringer serum mixture for 24 hours utilize the heart carbohydrate 
and that the amount disappearing is equivalent to about 25 p.c. of the 
total metabolism. When sugar is added to the perfusion fluid the amount 


; a of carbohydrate removed from the heart remains unchanged, but an 


lactic acid. 


> amount of sugar is removed from the perfusion fluid equal to about 20p.c. 
> of the total metabolism. The perfusion of the heart with sugar may thus 
© raise the carbohydrate metabolism to about 45 p.c. of the total meta- 

| holism. This, however, is a maximum figure, for in many cases the hearts 
died before the end of 24 hours’ perfusion when glucose was added and — 
part of the sugar loss may have been due to post-mortem production of 


The figures obtained by perfusion with heparinized blood are the most - 
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conclusive. In this case the heart was functioning in the presence of 
plenty of carbohydrate, and in half the experiments in the presence of 
excess of insulin and glucose. The addition of the latter did nothing to 
encourage sugar usage, and the general average for the fourteen experi- 
ments gives a carbohydrate metabolism equal to about 30 p.c. of the 
metabolism. Hearts perfused for 6 hours with Ringer’s fluid used no 
carbohydrate and had an 8.9. of 0-86, and if the hearts perfused with 
heparinized blood used 30 p.c. carbohydrate (B.Q. 1-0) and 70 p.c. non- 
carbohydrate material with an 8.9. of 0-86, this would give a combined 
R.Q. of 0-90, which is the z.Q. actually obtained. 


Action of plasma and corpuscles. 
A few experiments were made to determine the respective effects of 
perfusion with plasma and with suspensions of red blood corpuscles. 
These results, which are summarized in Table VIII, show that plasma 


_ Table VIII. Hearts perfused for 4 hours with 2 c.c. meee Cid aad 
then for 4 hours with 2 c.c. heparinized plasma, 


Perfused Ringer’s fluid Perfused plasma 
eg Sugar Sugar content of 
Oxygen Oxygen plasma, mg. p.c. hydrate 
weight in ¢.c. Ringer’s fluid in c.c. After of heart 
in g R.Q inmg. p.c. per perfusion in p.c 


Hearts perfused for 4 hours with 2 c.c. Ringer’s fluid and then for 4 hours 
with 2 c.c. of red blood corpuscles and Ringer’s fluid, 


13 1-102 


Perfused red blood corpuscles 
Perfused Ringer’s fluid 
Sugar ot red blood Red blood 
Heart used Ringer used 
in ¢.c. inmg. inc.c. ! Per- 
ing. per hr. R.Q. pc. per hr, R.Q. Control fused Control fused p.c. 
7 -920 69 28 74 80 
176 +226 *870 33 31 117 86 
+154 821 22 45 31 1-835 


causes an increase of 30 p-c. in the total oxygen consumption, but that 


_ corpuscles do not cause any rise. she aN because the oxygen 
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usage of the corpuscles ought to produce 4 rise of about 10 p.c. ma thes 
oxygen use of the system. 

The change from Ringer’s fluid to plasma causes a slight fall in the 
respiratory quotient, whereas the change from Ringer’s fluid to red blood 
corpuscles causes a definite rise. The carbohydrate consumed from the 
fluid appears to be similar in both cases however (7.¢. 0-4 mg. in 4 hours). 
The numbers are too small to calculate the probable loss or gain of 
carbohydrate in the heart, but they suggest that no extensive change 
oceurred. The fact that the z.Q. with plasma was low, in spite of a certain 
amount of carbohydrate metabolism, indicates that the heart uses some 
substance in the plasma which has a low z.Q. This suggests the possibility 
of fat utilization, but we have not obtained any other evidence to support 
this hypothesis. 

Our general conclusion is that the carbohydrate metabolism of the 
heart can vary from 0 to 40 p.c. of the total metabolism. A heart in a 
fresh condition which contains a considerable store of available carbo- 
hydrate uses very little when perfused either with a sugar-poor or sugar- 
free solution, but carbohydrate consumption rises after 6 hours’ perfusion. 
This fact indicates that carbohydrate is not necessarily the food of choice 


7 of the heart. When glucose is added, with or without insulin, very little 


glucose is used in the first 6 hours, but the glucose consumption rises 
later. On the other hand the heart when perfused with heparinized blood 
uses carbohydrate up to about 30 p.c. of its total metabolism. This use 
is not increased by the addition of glucose and insulin. 


| V, Fat METABOLISM. 
The following are the averages of analyses of frogs’ hearts made be- 
fore and after perfusion; they do not show any certain loss of fat. 
_ Fat contents: 
Twelve control hearts _—... 4-79 p.c. 

with Ringer's fuid, 2% hours... 4-52 ,, 

Eleven hearts perfused Ringer serum mixture, 24 hours 4-68 ,, 
Analyses of the fat content of serum also failed to show any certain 
alteration. 

Control Ringer serum (three experiments)... =... +. 0-153 p.c. 

Ringer serum after 24 hours’ perfusion (four experiments) 0-160 ,, 
The accurate estimation of small quantities of fat is difficult, but we con- 
sider that our average results justify the conclusion that if fat is used by 
the heart such consumption certainly does not represent more than a 
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small fraction of the total metabolism. Analyses of Ringer’s fluid that had 
been perfused through the heart for 24 hours failed to show the presence 
of any fat in such fluid. 

The substitution of serum or plasma for Ringer’s fluid caused a rise in 
the oxygen consumption and a definite fall in the x.g. The average B.Q. 
with Ringer’s fluid (6 hours) was 0-86 and with serum (6 hours) the k.. 
was 0-835. Consecutive perfusion of hearts with Ringer’s fluid and plasma 
gave the same averages (Table VIII). This change in the z.Q. might be 
due to the oxidation either of serum proteins with a low 8.Q. or of small 
quantities of serum fats and soaps. The addition of soaps caused a rise in 
the oxygen consumption similar to that produced by serum. We found, 
however, that in this case the z.Q. did not decrease. For instance in one 
experiment the addition of 0-01 p.c. sodium linoleate raised the oxygen 
usage from 0-250 to 0-280 c.c. per hour and the B.Q. from 0-89 to 0-95. The 
soap, therefore, appears to augment the oxygen consumption without 
being itself oxidized. This conclusion agrees both with the hypothesis put 
forward by one of us [Clark, 1913] that the soap restores some con- 
stituent of the cell surface that is removed by perfusion, and with 
Meyerhof’s theory [1923] that lipoids act as an oxygen acceptor in 
muscle. 


VI. NITROGENOUS METABOLISM OF THE FROG’S HEART. 


Our earlier experiments showed that the frog’s heart when perfused 
with Ringer’s fluid excreted demonstrable quantities of non-protein 
nitrogen. The average total non-protein nitrogen excreted by hearts per- 
fused with Ringer’s fluid was 0-06 mg. in 6 hours and 0-22 mg. in 24 hours | 
(Table ITI). In the presence of sugar and insulin the average figures ob- 
tained for 6 hours’ (eight experiments) and for 24 hours’ perfusion (twenty- 
five experiments) were 0-07 and 0-37 mg. nitrogen. These figures may all 
be somewhat too high because it is impossible to be certain that the 
tungstic acid removed all traces of protein from the fluid. We found that 
the non-protein nitrogen was partly ammonia and partly urea. The pre- 
sence of ammonia suggested the possibility of nitrogen loss by ammonia 
passing from the perfusion fluid to the atmosphere. This was tested by 
various means, in some cases the hearts were put in closed vessels and a 


_ strip of filter paper soaked in weak acid was hung up in the vessel; in 


other cases the air in the vessel was evacuated periodically through an 
acid solution, and in other cases an apparatus was arranged which 
circulated the air through an acid solution. In all cases the presence of 
ammonia in the air around the heart was demonstrated, and the quantity 
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found was similar in all methods, namely from 0-005 to 0-01 mg. nitrogen 
per heart per 24 hours. This is a simple and conclusive proof of the pro- 
duction of ammonia by the perfused frog’s heart, but the amount of 
ammonia recovered from the air was considerably smaller than she 
amount recovered from the perfusion fluid. | 

The fixation of urea by the heart was another possible error in the 
estimation of the nitrogen metabolism. The following average a 


> were obtained for the content of urea per heart: 


Four fresh hearts; average weight 0-161 g.; 0-053 mg. urea-N per heart. 

Eight hearts perfused 24 hours; average weight 0-181 g.; 0-055 mg. urea-N per heart. 
Our figures show no change in the urea content of the heart after per- 
fusion, and therefore the estimation of ammonia and urea in the perfusion 
fluid measures the total amount of these substances formed, with the ex- 
ception of a small amount of ammonia lost by evaporation. We obtained 
the following figures for ammonia production in hearts perfused with 
Ringer's fluid. In the first 6 hours 0-017 mg. NH,-N (four experiments), 
and in the first 24 hours 0-027 mg. NH,-N (sixteen experiments, average 


> heart weight 0-196 gm.). 


Estimations made by Ostern [1930] give the following average 
figures. Frog’s heart, fresh 1-4 mg. NH,-N p.c., after 24 hours 2-1 mg. p.c. 
Total NH,-N produced per heart, after 6 hours’ perfusion 0-01 mg. and 
after 24 hours’ perfusion 0-028 mg. It will be seen that his figures for 
ammonia production agree closely with ours. We found a urea exgretion 
in 24 hours of 0-085 mg. urea-N (eight experiments) and in 6 hours of 
0-04 mg. Our figures indicate a combined excretion of NH,-N and urea-N 
of about 0-06 mg. in 6 hours and 0-12 mg. in 24 hours. The figure for total 
NH, and urea nitrogen for 6 hours agrees well with our previous estimate 
(Table IIT) of 0-06 mg, total N after 6 hours’ perfusion, but our figure for 
the total NH, and urea nitrogen for 24 hours is only half our previous 
figure of 0-22 mg. of total nitrogen for this period. One gram urinary 
nitrogen corresponds to 6 litres of oxygen [Lusk, 1928]. Hence 0-12 mg. 


4 corresponds to an oxygen usage of about 0-7 c.c. The average oxygen use 


for a heart in 24 hours is 2-6 c.c. Hence the nitrogen excretion as mea- 
sured by use can only account for about 28 p.c. of the total metabolism. 
The carbohydrate use accounts for about the same amount. Hence our 
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Metabolism of amino acids by the heart. 

If the isolated heart of the frog oxidizes proteins it is most likely to 
oxidize the simpler amino acid groups, and therefore it ought to oxidize 
amino acids when these are added to the perfusion fluid. 

Lussana [1908] showed that glycocoll and alanine had a marked 

- augmentor effect on the mechanical response of the isolated heart of the 
frog, and Clark [1913] confirmed this in the case of the hypodynamic 
heart and concluded that the action of glycocoll was not merely due to its 
buffer action as Lussana had suggested. Clark suggested that glyco- 
coll might act by increasing the ionization of the calcium in the Ringer. 
Our present experiments suggest that it acts by providing an easily 
available source of energy. We found in the first place that amino acids 
had no toxic action on the heart, for hearts continued to function well 
for 24-48 hours when perfused with amino acids in concentrations up to 
0-5 p.c. This is a marked contrast to the effect of glucose which regularly 
killed the hearts in 20-24 hours. We also found that the addition of amino 
acids to hearts perfused with Ringer’s fluid had a striking effect on the 
respiration. The total oxygen consumption was not altered but the R.9. 
was changed ; the addition of glycocoll and alanine raised the k8.Q., whilst 
the addition of leucine lowered the R.Q. These effects are shown in 


Table IX, 
Respiration for 3 hours pangs ieee! 3 hours : 
P.c, con- before addition of after addition of — 
centration amino acid amino acid 
added ments B.Q. per R.Q. 
Glycocoll 7 86 243 04 
Leucine 7 0-5 -290 *85 -263 


Analyses of the nitrogen excretion showed that addition of amino 
acids did not greatly alter the amount of urea excreted but trebled a 
ammonia excretion (Table X). These facts indicate that the frog’s h : 


TaBLe X. Nitrogen excreted by frog’s heart in 24 hours. (No. of experiments in brackets 
The average heart weights varied from 0-15 to 0-20 g. 


NH, -nitrogen in mg. a Total nitrogen in mg. 
mg. A. 


fluid In air fluid estimation 
Ringer's fi ‘027 (16) ‘007 (6) “085 (8) “12 +22 (16) 
Ringer's fiuid + 0-5 p.c. te 005 (2 “111 (5 
Ringer’s fluid 08 p-c, 005 ‘070 
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»  deaminizes and oxidizes amino acids when these are added to the per- 
fusion fluid, and that part if not all the nitrogen is excreted as ammonia. | 
The theoretical 8.9.8 of various amino acids are as follows: 


Theoretical 8.9. if nitrogen 
excreted as 


A. 


If the nitrogen of amino acids is excreted as ammonia then the introduc- 
tion of glycine and of alanine ought to raise the 8.9. of a heart whose R.Q. 
previously was 0-85, whilst the introduction of leucine ought to reduce 
the R.Q., and these were the changes actually observed (Table IX). 

Quantitative examination of the figures gives less satisfactory results. If for instance 
all the NH, formed during glycocoll perfusion is produced by deamination of glycocoll, then 
this only corresponds to an oxygen consumption of 0-1 x 2-4=0-24..c. oxygen. The con- 
sumption of this amount at an k.Q. of 1-3 would change the 8.Q. of the heart from 0-86 to 
0-90, which is only half the change actually observed in the 8.9. To account for the change it 
is necessary to assume that when hearts are perfused with amino acids, the whole of the 
nitrogen excretion (NH,-N and urea N) is derived from deaminization of the perfused acids. 

Finally it may.be noted that the presence of amino acids does not 
affect the carbohydrate usage. The average total carbohydrate content 
of hearts in fourteen experiments after perfusion 24 hours with Ringer 
and amino acids was 0-79 p.c., whereas this figure was 0-73 p.c. after per- 
fusing for 24 hours with Ringer’s fluid alone (Table V). 


VII. Discusston. 


The fundamental fact established by our researches is that the oxygen 
consumption of the isolated heart of the frog is much too great to be 
accounted for by any measurable carbohydrate consumption. Our figures 
+ for 6 hours’ perfusion with Ringer’s fluid actually suggest that no carbo- 
~ _ hydrate is used during this period (cf. footnote, p. 460). 

3 Perfusion with Ringer’s fluid for 24 hours results in the disappearance 
of about half the carbohydrate in the heart, but this quantity is equivalent 
to only about 15 p.c. of the oxygen consumed. The greatest carbohydrate 
mg. [| consumption we observed was with hearts perfused with heparinized 
x (= blood for6 hours. In this case the carbohydrate consumption can account 
tion 

6) 


3) 

33 
3 
i 


b 
é 
a 
a. 
€ 
ts: 
ie 


for 40 p.c. of the oxygen used. 
= The non-carbohydrate metabolism amounts therefore to about 
80 p.c. of the total in the case of a heart perfused 6 hours with Ringer's 
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fluid, to about 70 p.c. during 24 hours’ perfusion with Ringer’s fluid, and 
to about 50 p.c. in the case of a heart perfused 6 hours with heparinized 


frog’s blood?. We have been unable to obtain any direct evidence for ° 


fat metabolism, and any extensive fat metabolism is rendered improbable 
by the fact that the 2.9. in all experiments was greater than 0-8. The com- 


bined excretion of ammonia and urea by a frog’s heart perfused with — 


Ringer’s fluid for 24 hours only amounts to 0-12 mg. N. This figure prob- 
ably corresponds to an oxygen consumption of 0-7 c.c. The combined 
carbohydrate and protein metabolism measured in the frog’s heart per- 
fused with Ringer’s fluid for 24 hours corresponds to about 1-5 c.c. The 
oxygen used in this period is from 2-6 to 3-0 c.c. and therefore our figures 


account for little more than half of the total oxygen consumption. At 


present therefore we are unable to account for a considerable proportion 
of the cardiac metabolism. The addition of amino acids to hearts per- 
fused with Ringer’s fluid causes striking changes in the R.q., and this 


supports the hypothesis that oxidation of amino acids is an important: 


factor in cardiac metabolism. 


The most probable explanation of the discrepancy between the total 


metabolism and thesum of the carbohydrate and nitrogenous metabolisms 
appears to us to be an error in urea estimations, because the exact estima- 
tion of fractions of a milligram of urea is difficult. We propose to repeat. 
these experiments using larger cold-blooded hearts. 

It is of interest to compare our results with those obtained by the 
schools of Embden and Parnas. These schools agree that ammonia is 
formed during muscular contraction and that it is formed by deamination 
of adenosine phosphate. Parnasetal.[1930] concluded that the adenosine 
phosphate was restored by transfer of ammonia from amino acids, and 
that the ammonia liberated by the breakdown of adenosine phosphate was 


not used for resynthesis. Pohle [1929] has proved the presence of 


_ adenosine phosphate in the heart of the ox. 


ConcLusions. 
1. There is no demonstrable oxidation of carbohydrates in the isolated 
frog’s heart during the first 6 hours of perfusion with Ringer’s fluid. 


Carbohydrate loss occurs during 24 hours’ perfusion, but the loss is only 


_ equivalent to about 15 p.c. of the total metabolism. 


* Since this paper was written we have obtained evidence that during perfusion 
some non-reducing substance is changed into reducing carbohydrate. Hence our esti- 
mates of the carbohydrate consumption during perfusion are too low. igre naemiand 
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2. The carbohydrate oxidized by a frog’s heart perfused for 6 hours 
with heparinized blood plus glucose and insulin is only sufficient to ac- 
count for about 40 p.c. of the total metabolism. 

$. The 8.9.8 observed with the isolated frog’s heart during the first 
6 hours’ perfusion are as follows: Ringer 0-86; Ringer serum mixture 


0-835; heparinized frog’s blood 0-90; heparinized frog’s blood plus insulin 
plus glucose 0-90. 


4. We conclude from the above facts that between 60 and 90 p.c. of 
the materials oxidized by the isolated frog’s heart are other than carbo- | 
hydrates. 

5. We have obtained no evidence for oxidation of fats. _ 

6. The isolated heart excretes small quantities of ammonia and urea. 
The total amount of NH,-N and urea-N excreted is about 0-12 mg. per 
heart in 24 hours. The total non-protein nitrogenous excretion is about 
0-2 mg. per heart per diem. 

7. The excretion of urea and ammonia only accounts for about one- 
third of the total oxygen consumption. The sum of the carbohydrate and 
nitrogenous metabolisms that we have demonstrated is equivalent to 
little more than half of the total cardiac metabolism. 

8. The addition of amino acids to perfusion fluid increases the am- 
monia formation; it also produces marked changes in the R.Q. which i is 
raised by glycine and lowered by leucine. 


The expenses of this research were defrayed by a grant from the Moray Research Fund 
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APPENDIX. 


| Measurement of the respiratory exchange. 

The isolated heart was put in the bulb shown in Fig. 1, 
Barcroft manometer, by means of which the oxygen consumption was measured. The 
carbon dioxide was absorbed by sodium hydroxide solution and the amount absorbed was 
calculated from the change in conductivity produced by the conversion of NaOH to 
Na,CO,. This method was copied from Bayliss[1927]. Fenn [1928] used a similar method 
with Ba(OH),, but Bennett-Clark [1930] pointed out certain disadvantages connected 
with the use of Ba(OH), in measurements of this type. The Barcroft bulbs had a volume 
of about 100 c.c. A few manometers were made of a special pattern with one limb of wide 
tubing and the other limb of narrow tubing with a bulb at the top. This arrangement per- 
mitted measurements for short periods during the day on the narrow tubing, whilst over- 
night measurements could be made on the broad tubing. This pattern was used for mea- 
suring the respiratory exchange over periods of 24 hours or longer. The chief experimental 
difficulty was the prevention of leakage from the heart; this was much more liable to occur 
with hearts perfused with Ringer’s fluid than with those perfused with serum, plasma or 
blood. Dripping into the sodium hydroxide solution was prevented by the bucket shown in 
Fig. 1, but extensive leakage reduced the diastolic filling and thus reduced the respiratory 
exchange. It was found essential to use an aortic cannula as large as possible and to take 
great care to avoid any obstruction due to kinks in this cannula. With these precautions 
good filling could be maintained for 24 hours in most experiments with serum or plasma, 
but only in a minority of cases with Ringer’s fluid. Heparinized whole blood could only be 
used for 6 or 8 hours, because after this the leakage of potassium from the corpuscles 
poisoned the hearte. 

The Barcroft manometers were calibrated by two methods: (1) by introducing known 
volumes of air by a mercury pipette, and (2) by liberating carbon dioxide within the bulbs. 
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The bulbs were calibrated for various volumes of contents, so that allowance could be made 
was to oF Said Gariug the counse 


of an experiment. 

The estimation of carbon dioxide necessitated 
careful calibration of the apparatus. The con- 
ductivity was altered by any variation in volume 
of the NaOH solution or by change in the posture 
of the apparatus. A volume of 4 o.c. of NaOH 
solution was used, at a concentration of M/20 for 
experiments lasting less than 12 hours and of M/10 
for experiments lasting 10-24 hours. Variaté 
in temperature were avoided by thorough stirring of 
the bath and by use of an efficient thermostat. 

The relation between volume of CO, absorbed 
and change in conductivity was obtained by deter- 
mining the conductivity of mixtures of M/20 NaOH 
and M/40 Na,CO,. These are shown in Table XI; 
similar figures were also determined for M/10 NaOH. 
The results thus obtained were controlled by esti- 
mations of the amount of CO, liberated by mixing 
solutions of Na,CO, and H,SO,. Unfortunately con- 
tinuous shaking injured the heart. This deleterious 
effect was much greater with the large hearts we 
used than with the small hearts previously used by 
Clark and White [1928]. We found that even 
without shaking the caustic absorbed CO, fairly 
rapidly, but that the Na,CO, formed a layer on 
the surface of the fluid, and the true change in 
conductivity was not measured. The method finally 
adopted was to shake the fluid thoroughly before 
each reading (i.e. about every half-hour or hour). 
Unfortunately this could not be done throughout 
the night and hence we regard the figures for 24- 
hour periods as less reliable than those for 6-hour 
periods. We found that satisfactory results were 
obtained only when the diameters of the heart 
cannula and of the bucket were considerably smalle 
than that of the bulb, so that free diffusion of CO, 
could occur. Moreover the movements of the heart 
and perfusion fluid helped greatly to stir the air 
inside the bulbs. For this and for other reasons 
we regard the figures for the metabolism of the 
heart when properly filled and in full activity as 
being more accurate than those obtained with 
empty hearts. We tested the apparatus by liber- 
ating a known amount of CO, (1-2 c.c.) in the bulb 
and measuring the time taken for absorption to 


‘ Frog’s heart attached to 

in —_ bulb of Barcroft appa- 
ratus with a bucket below to catch 
any leakage. Two electrodes at the 
botto m, which are immersed in 
NaOH. The side tube 
permits the introduction of drugs. 


7 occur, as estimated by the change in conductivity. The figures obtained (Table XII) show 


that with occasional shaking 95 p.c. of the large volume of CO, liberated was absorbed 
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" ‘Panne XL Conductivity of mixtares of M/20 NaOH and M/40 Na,CO, at 15°C. 
Percentage of NaOH 100 95 90 80 70 60 
Ky, x 100 0-954 0911 0877 0813 0-749 0-687 
Cmm. CO, (1.7.P.) equivalent 52 6-8 72 75 
ie of 0-00001 


in 4 ¢.c, of M/20 NaOH 


Percentage of NaOH 50 40 2. «38: 10. 0 
Ky, x 100 0-628 0-571 0465 0418 0-374 
Cmm. CO, (5.7.P.) equivalent 78 | 8:7 9-5 10-1 


0-00001 
in 4 c.c. of M/20 NaOH 
Taste XII. Rate of absorption of COQ,. 


Time in minutes after liberation of CO, 10 20 30 40 50: 60 70 


Percentage absorbed when apparatus 66 86 94 97 99 995 100 
was shaken continuously 


was shaken once every 10 


Percentage absorbed when — 4 88 2 


heart did not vary greatly the system would reach equilibrium as regards production and 
absorption of CO, after an hour. This was confirmed in practice for the figures for CO, 
production during the first hour were consistently too low, but after this they remained — 
constant, provided there was no great change in the heart’s activity. If there was any 
sudden decrease in the heart’s activity the 8.q. usually rose for an hour until a fresh 
equilibrium was attained. In practice we found that a period of about 4 hours was 
needed to obtain a reliable measurement of the RB.Q. (i.e. 1 hour to reach equilibrium 
and readings for 3 hours afterwards). We made several attempts to devise a method for 
circulating the air in the bulb, but were unable to obtain one that was free from serious 
experimental error. 

Changes in the carbon dioxide content of the heart or of the perfusion fluid are a possible 
source of error. Direct measurements were obtained by putting material in a Barcroft 
apparatus and flooding it with strong acjg. The figures obtained (Table XIII) show that 


Taztx XIII. Evolution of CO, on addition of acid to tissues 
(c.c. CO, (N.1.P.) per c.c. or per g.). 


Duration of perfusion 
nee Fresh 3 hours G6hours 24 hours 
Ringer’s 0 010 025 020 
Frog’s blood (heparinized) 0-300 +230 230 Mou 
Frog’s heart 0-270 “110 


when a heart of 0-2 g. is perfused for 6 hours with 2 c.c. of Ringer’s fluid, the heart will lose 
about 0-03 o.c. and the fluid will gain about 0-05 o.c. of CO,. A heart of this weight con- 
tracting regularly with good diastolic filling evolves about 0-2 c.c. CO, per hour, and there- 
fore the CO, fixed in the system is less than 2 p.c. of the CO, produced. The 8.9. obtained 
may therefore be about 0-02 lower than the true B.q. In the case of a frog’s heart (0-2 g.) 
perfused for 6 hours with 2 0.c. frog’s blood, there is a considerable loss of CO,. ‘The total 
loss is about 0-17 ¢.c., whilst the total production of CO, is about 1-3.c.c. A considerable 
proportion of this loss probably occurs in the first hour’s perfusion, and the loss between 3 
and 6 hours is small. In this system the R.9. obtained may be higher than the true 8.9. 
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=. is also given. In our earlier experiments we measured the glycogen content of the 


METABOLISM OF FROG’S HEART. 465 


When the heart is perfused with frog’s blood the oxygen consumption of the red blood 
corpuscles is a source of error. Ramsay and Warren [1930] found that turtle’s red blood 
corpuscles used 0-02 o.c, O, per g. per hour, Hence 2 c.c. frog’s blood would probably use 
about this quantity, which is about 10 p.c. of the oxygen use of the heart. The figures for 
total oxygen consumption of hearts perfused with frog’s blood may therefore be 10 p.c. too 
high. The 8.9. in frog’s blood has not been determined, but even if the 8.9. of the corpuscles 
were 1-0 and that of the heart 0-8, the error produced by this cause in the observed 8.9. 
would be only 0-02. 
, Wet and dry weights of frogs’ hearis. | 

It was only possible to measure the moist weight of the hearts analyzed. Therefore it 
was important to know whether the ratio between the wet and dry weights was the same in 
perfused as in fresh hearts. Prolonged perfusion with Ringer’s fluid was considered to be 
the procedure most likely to produce wdema of the heart. The following average figures 
were obtained for the dry weight expressed as p.c. of moist weight. 

Four fresh hearts 16-45. : 

Four hearts perfused 24 hours with Ringer's fluid 15-3. 

Mononobe [1930] measured the percentage dry weight of hearts of toads perfused 
from 30 min. to 6 hours and found that the figure remained constant at 20-2. 

The moist weight of the heart of a frog is of necessity a somewhat arbitrary figure be- 
cause it depends upon the extent to which the sponge-like tissue is pressed. The results 
given above show that uniform treatment results in uniform figures for the percentage of 
moisture, and that these are not altered greatly by perfusion. Different workers are, how- 
ever, nearly certain to remove different proportions of moisture. Variations of the degree of 
drying may easily account for differences of 10 or even 20 p.c. in estimations of the con- 
stituents of the frog’s heart made by different workers when these figures are based on the 


| Estimation of carbohydrates. 
The heart weight was determined by cutting off the bulbus arteriosus, opening the heart, 


moist weight. 


_ and drying it gently between filter paper and then determining its moist weight. The fol- 


lowing methods were used for estimations. Glycogen by the method of Kermack, 


' LambieandSlater[1929]; total carbohydrate by the method tly described by Ochoa 


[1930]; blood sugar by the method of Hagedorn and Jensen [1923 4a, 1923 6]; fate by a 
modification of the method of Stewart and White [1925]. Tests were made of Ochoa’s 
method for total carbohydrate. A mixture was made of glycogen, maltose and glucose and 
gelatin, urea and creatinine were added. The method estimated the sugars accurately and 
the presence of creatinine did not produce an error. Six duplicate estimations of carbo 

hydrates were made on tortoise hearts. The greatest difference obtained in any pair was 
14 p.c. of the larger value, and the average difference was 9 p.c. This represents an average 


a error from the mean of 4-5 p.c. : 


Glycogen and total carbohydrate content of the frog’s heart and blood. 
Our results confirmed Wertheimer’s conclusion [1930] that there was a large indi 


4 vidual variation in both the glycogen and total carbohydrate content of the frog’s heart. 


Moreover this variation occurred in different individuals in a single batch of frogs examined 
on the same day. Consequently it was necessary to adopt statistical methods for calculating 
the changes produced in these figures by perfusion. The authors have calculated in all cases. 
the arithmetical mean, the standard deviation (c), and the standard error of the mean 
(s.u.m.) (o/4/n). Our tables show the mean figures, and the standard error of the mean 
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heart, and obtained a value of 0-55 p.c. in fresh hearts (mean of twenty-one experiments). 
This figure agrees with the result obtained by Boyland [1928] on the tortoise heart, who 
found a glycogen content of 0-3 to 0-4 p.c. and a total carbohydrate content of 0-35 to 
0-5 p.c. Kerly [1930], however, showed that the solubility of glycogen in aloohol con- 
stituted an important source of error when the glycogen content of small quantities of 
tissue was estimated. Since we desired to measure the change in carbohydrate content, 
rather than the change in glycogen content, we therefore estimated the total carbohydrates 
in all experiments, except these preliminary ones. The mean values of our control analyses 
of glycogen and total carbohydrates are shown in Table I. The most important figure is 
that for the total carbohydrate content of the frog’s heart, namely 1-424 p.c. This is con 
siderably lower than the figures obtained by Wertheimer [1930], for he found a glycogen 
content of 1-72 p.c. (fifteen experiments) and a total carbohydrate content of 2-3 p.c. (seven 
experiments) in the unperfused frog’s heart. 
A few experiments were made to determine the distribution of carbohydrates between 
and plasma. The following average results were obtained in four experiments. 
The figures are calculated as carbohydrate content per c.c. of original blood. 


p.c. p-c. 
Red blood corpuscles (washed) 082 038 
Plasma ( ) 053 020 
Total for blood “135 058 


These figures show that two-thirds of the carbohydrate in frog’s blood is contained in 

the red blood corpuscles, and that about one-half is present as sugar and one-half as poly- 
a Estimation of fats. 

The.fat content of the perfusion fluids was estimated by the method of Stewart and 
White [1925], and a modification of this method was used for determining the fat content 
of the hearts. The hearts were dried by pressing gently between filter papers, weighed, 
ground up finely with sand, and transferred quantitatively to 50 o.c. standard flasks, 30 0.0. 
of alcohol-ether mixture (3 : 1) added, and the whole heated on the water bath with constant 
shaking, until the ether began to boil. After cooling, the heating and cooling were repeated 
twice, the solid matter allowed to settle, and 25 c.c. of the clear extract used for fat estima- 
tion as in the method for blood. 


Estimation of NH, and of urea. 
Ammonia was estimated by the method of Parnas and Heller [1924]. Attempts to 
estimate urea in the same apparatus after digestion with urease were unsuccessful, partly 
owing to excessive frothing of the reaction mixture and partly to the presence of ammonia 


in the urease. Ultimately we employed ordinary digestion with urease, aeration, absorption 
of the ammonia in N/100 sulphuric acid, and titration with N/100 sodium hydroxide. All 


the samples of urease tested liberated appreciable quantities of ammonia, and the “blank” — 


titrations varied from 0-1 to as much as 0-7 ¢.c. of N/100 sulphuric acid. Since the amounts 
of urea liberated by a heart in 24 hours gave titrations of the same order as these, it was 
necessary to combine the fluids from two experiments in order to obtain results of approxi- 
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PROCEEDINGS 


OF THE 


PHYSIOLOGICAL SOCIETY, 
1931. 


The influence of muscular exercise upon digestion. 
By T. W. Apams and M. 8. Pemsrey. 


In conj unction with the observations made on the influence of exercise 


> on digestion in man by J. M. H. Campbell, Mitchell and A. T. W. 


Powell (Guy’s Hospital, Reports, July 1928), some experiments were 
made by one of us upon rats; coloured food was given in order to trace 
the rate of the movement of the food in the alimentary canal. This 


» method was unsatisfactory and limited and has been replaced in the 


present research by the use of barium meals and X-ray pictures. 
The rats in each case received 0-5 g. of barium sulphate and 1 g. of 


| bread mixed in a watch glass of known weight with sufficient water to — 
© form a thick paste. It was found that this meal was eaten eagerly within 
© two or three minutes, if the rats were in a fasting condition. Control 
» experiments were made in each case. One rat was exercised, the others 


were kept at rest, and in subsequent observations the conditions of the 


animals were reversed. 


The general results may be stated briefly as follows: 
Rest. There are shadows of barium in the small intestine three or 
four minutes after the meal containing barium has been eaten. About 


- four hours later the shadow of the cxecum is very distinct. The length of 


small intestine between the stomach and the cecum is 90 cm. (approx). 
Muscular Work. The influence of muscular work was tested by allow- 
ing the rat to walk or run in a revolving drum, the floor of which was 
formed of corrugated cardboard. The distance covered in the thirty 
minutes’ run was about 200 metres. 
In other cases the rat performed work by swimming for about fifteen 


' minutes in water at a temperature of 21°. 


Apart from the ordinary controls, observations were made to deter- 
mine whether work done before the meal, or immersion in water, had 
any definite effect upon the subsequent movements of the alimentary 


/ canal. The results of these controls were negative. 


Muscular work in the form of ruaning or swimming —— the 
passage of the food along the alimentary canal. 
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A direct tg Ope the measurement of the hydration of 
proteins. By G. 8. Apam and M. E. Rosinson (Low Temperature 
Research Station, Cambridge). 


The estimation of the hydration of certain proteins by indirect methods 
has been discussed by Sorensen [1917], Adair[1928] and by Hill [1930]. 
These methods involve theoretical assumptions concerning. the “acti- 
vities” or effective concentrations of the components in mixtures of 
proteins and crystalloids, and therefore it is desirable to test the results 
by a direct method. 

Solutions of egg albumin and serum albumin were purified by from 
three to six recrystallizations and by dialysis for 10 days at 0°C. In 
each experiment about 4 c.c. of the protein solution were placed-in a 
platinum dish, at least 50 mm. in diameter, in order to give a large surface 
for evaporation. The weight of the solution can be obtained with suffi- 
cient accuracy by the use of a rapid and sensitive balance, if a preliminary 
calculation of the weight required is made from determinations of the 
density and volume of the protein solution. 


If egg albumin is dried rapidly by the use of shanicibaciei pentoxide 


instead of sulphuric acid, the protein is not denatured [Lancefield and 
Quastel, 1929]. We have recrystallized a specimen of egg albumin 
which had been dried rapidly. In order to obtain a still greater increase 


in the rate of drying, we employed a high vacuum pump. Under these 


conditions, the protein solution super-cooled and then froze suddenly. 
The desiccator containing the frozen protein was then transferred to a 
room at 0°C. As a general rule, the weight of the protein became con- 
stant after two or three days. The dry protein obtained by this method 
has a high ratio of surface to volume. 

Hemoglobin and egg albumin dried at room temperature by ordinary 
methods may contain from 4 p.c. to 12 p.c. of water, but in the case of the 
finely divided material used in this work, the weight of the egg albumin, 
serum albumin or hemoglobin dried at 0° is practically equal to the 
weight of the proteins after dehydration at about 105° C. It is possible 
that when the proteins are dried by ordinary methods, a hard skin is 
formed over the surface which prevents the interior from reaching a state 
- of equilibrium. 

After the finely divided protein had been obtained in a dry form, it 
was placed in desiccators containing solutions of ammonium sulphate and 
other salts. Saturated solutions were employed, so that the vapour 


pressure should not be changed by repeated evacuations. The desiccators 
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pressure. 


_ 17-6°. The gain in weight is 0-201 g. per g: of dry matter. Within the 


_ A considerable reduction in weight took place when these preparations 


original weight quite exactly when it was returned to the desiccator con- 


"matter, whereas the first equilibration gave 0-227 g. 
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were placed in a room at about 17-5°C. Theoretically, the temperature 
should be controlled with great accuracy, and special devices should be 
used for the determinations of weights without alterations of tempera- 
ture and vapour pressure, but the affinity of the proteins for water is so 
great that it is possible to obtain fairly accurate results by means of a 
rapid balance, without an exact control of temperature and vapour 


A preliminary experiment showed that 0-4069 g. of dried hemoglobin 
gained -0818 g. in a desiccator containing ammonium sulphate, in which 
the vapour pressure is about 83 p.c. of the pressure over pure water at 


limits of experimental error this result agrees with the figure 0-21 
estimated from salt distribution measurements [Adair, 1928], : 
A preparation of egg albumin previously heated to 108° C. showed a 
gain of 0-207 g. of water per g. of dry matter, three specimens which had 
not been heated showed increases of 0-227, 0-225 and 0-215 g. respectively. 


were transferred to desiccators containing magnesium chloride, in which 
the vapour pressure is about 32 p.c. of the pressure over water. Even 
at this lower pressure, the weights were from 7:8 to 9-4 p.c. greater than 
the weight of the dry protein, but an irreversible change took place, 
because the protein could not be recrystallized, and it did not regain its 


taining ammonium sulphate. In one experiment, the second equili- 
bration with ammonium sulphate gave 0-203 g. of water per g. of dry 


Our figures for egg albumin equilibrated with saturated ammonium 
sulphate are very close to the value of 0-228 g. deduced by Sorensen 
from his work on mixtures of albumin and ammonium sulphate solutions 
of various concentrations. The close agreement between the direct and 
indirect determinations of the hydration of egg albumin and of hemo- 
globin is of interest, although no generalization can be made until the 
effects of variations in the experimental conditions have been investi- 
gated. 
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The effect of extract of the suprarenal cortex in Addison’s 
disease. By 8. Levy Smmpson (London Hospital). 


In March 1931 Swingle and Pffifner (1930) reported the production 
of an aqueous cortical extract, which could sustain life in adrenalecto- 
mized cats (100 days or longer). This extract is stated to be almost com- 
pletely free from adrenaline, traces being detected by the intestinal strip 
method. 

Rowntree and co-workers [1931] in America have reported the 
successful use of this extract in the crisis of Addison’s disease. In 
November 1930 I treated an almost moribund patient, age 51, suffering 
from Addison’s disease, with some cortical extract made by Swingle 
and Pffifner, and on her recovery she was presented before the Royal 
Society of Medicine [Levy Simpson, 1931]. She received 6 c.c. of 
extract intravenously twice a day for four days, the improvement then 
being obvious. No more extract being available adrenaline m.v. was 
given hypodermically twice a day for two months, since when she has 
received no injection of adrenaline or of cortical extract. She has main- 
tained good health and has gained a stone in weight. The menopause 
appears to have occurred during the last few months and may _ had 
some influence on the course of events. 

I have treated four other cases of Addison’s disease with a stil 
extract made by Allen & Hanbury according to the formula of 
Swingle and Pffifner. The diagnosis in all cases has been clinically 
certain. One patient, a female aged 42, commenced treatment on 
February 10th, 1931, improved within three weeks, and is maintaining 
good health on 5 c.c. of cortical extract given hypodermically every day. 
Another patient, a female aged 50, commenced treatment on January 9th. 
She has survived a crisis, but the gain in strength is not comparable to 
that in the other cases. She is maintaining existence on 10 c.c. of extract 
given intramuscularly every day. A male patient, aged 19, began treat- 
ment on January Ist, and made remarkable improvement, attending 
as an out-patient after three weeks’ treatment in Hospital. An attack 
of influenza abruptly changed the clinical picture and he succumbed on 
March 3rd. It seems probable that the inadequacy of the dose of extract 
(4 c.c. a day) during an acute infection explains this end. The influenza 
alone did not appear severe enough to account for death. It may be 
that, as with insulin, the dose of cortical extract should be increased 
during infection. There is at present unfortunately no criterion for dosage 
comparable with that used for insulin. At autopsy in this case both 


| 
| 
| 
§ 
an 
| vy 
a 
| 
an 
j 
= as 
| 
j 
] 
| 
fe 
a ~ 
on 
Pa 
4 
im 
4 
te 4 
4 BS 
vig 
a 
Paty 
ong 
=. 
2. 
4 
te 

? 


— 


Ww 
| 


SOCIETY, MAY 2, 1931. 5P 


_ suprarenals were almost completely destroyed by caseous tubercular 


material. The fifth case, a lad of 16, is improving under treatment, 


recently commenced. 


Signs of improvement in patients with Addison’s disease treated by 
cortical extract are: gain in strength, cessation of nausea and vomiting, 
fading of pigmentation, gain in weight. The blood-pressure is not im- 


-» mediately affected but tends to approach normal after two or three 


weeks. The symptomatic improvement precedes the rise of blood-pres- 
sure. In the patient whose general improvement was not marked the — 
blood-pressure did not rise. 

Four of these cases had been previously treated with injections of 
adrenaline. There had been little or no improvement. 

Biochemical investigations on these five cases are at present incom- 
plete but there is sufficient evidence that the blood urea tends to be high 
and the blood sugar low. Cortical extract tends to reduce the blood urea 
to normal values. It has no immediate effect on the blood sugar (values 
taken at intervals for three hours after injection) in Addison’s disease, 
or in diabetes, or in normal individuals. Whether it ultimately causes a 
rise in blood sugar to normal levels in Addison’s disease at present seems 
uncertain. An interesting finding was an increase of low blood sugar 


a 4 levels to normal values in Addison’s disease within an hour after in- 


jection of 10 minims of 1/1000 adrenaline hypodermically. I have not 
seen this recorded hitherto, although the rise of blood sugar after adrena- 
line in normal individuals and in hypoglycemia is well known. It 
suggests that the low blood sugar in Addison’s disease may be due to the 
absence of adrenaline secretion, and, by extension of this hypothesis, — 
the possibility that a continuous secretion of adrenaline in normal 
individuals is a factor in the maintenance of the normal blood sugar 
level. 

Carbohydrate tolerance tests carried out in two patients with 
Addison’s disease indicated an increased carbohydrate tolerance, but the 
possibility of delayed absorption must be considered. | 
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6P PROCEEDINGS OF THE PHYSIOLOGICAL 


The influence of hemoglobin on the hydration and dehydration 
velocities of CO,. By R. Brivxman and R. Marcarta. 


Hydration and dehydration of CO,, viz. H,CO, == H,O + CO,, or 
HCO,- CO, + OH-, are slow reactions. It has therefore been assumed 
that the transport and elimination of CO, in the body can only be ex- 
plained quantitatively, if these hydration reactions are in some way 
accelerated. Recent work has proved that blood gives off CO, much 
more quickly than corresponds to the rate of dehydration in bicarbonate 
solutions, and so the problem is: In what way is blood able to do ag 

_ Two mechanisms have been supposed: 

(a) Acceleration of the hydration by Hb as a catalyst, and (6) io 
biological existence of a Hb-CO, compound, capable of rapid dissociation. 

While it is possible, as assumed by Henriques, that (6) could occur 


without (a), mechanism (a) could not take place without (b) coming in to 


some extent, for the catalytic hydration of CO, by Hb must involve a 
preliminary combination of the substrate CO, with the catalyst Hb. 

The following experiments give unequivocal evidence that catalysis 
does occur, 

We have studied this problem by registering the pH of the reacting 
system with the antimony electrode and a D.o. resistance amplifier which 
recorded pH continuously with a time lag smaller than 1 sec. and an 
accuracy of 0-02 pH. In measuring the change of reaction of a bicar- 
bonate solution in contact with streaming air, containing various CO, 
pressures, the diffusion time was made as small as possible by covering 
the electrode with an extremely thin layer of solution. The gas flowed 
through a narrow rubber tube; the Sb needle electrode was inserted 
through the wall of this tube, so that about half a mm. projected in the 
lumen; it was wetted by sucking the bicarbonate into the rubber tube, 
and blowing it completely out again, so that only a very thin layer 
adhered to the electrode. The gas flowed continuously; by changing from 
air free from CO, to air containing 10 p.c. of CO,, or by doing the reverse, 
hydration and dehydration of CO, were produced. The recorded pH 
on the thin layer of solution on the needle electrode was taken as an 
indicator. The air was kept saturated with water vapour. 

The results were very clear; whereas the change in pH from pH 8 to 
pH 7-2 in a 01 N solution of NaHCO,, brought into contact with air 
containing 10 p.c. of CO, at 15° took place in 50 sec., addition of 1 : 220,000 
of Hb shortened this time to 30 sec., 1 : 91,000 Hb to 24 seo., 1 : 48,000 
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to 15 sec., 1 : 4000 to 10 sec., and 1 : 870 to a much shorter time, approxi- 
mately 3-H sec. 

The rates for dehydration found by changing from air containing 
10 p.c. CO, to air free from CO, were similarly increased by Hb. A 
change in pH from 7-2 to 8 occurred in 96 sec., with 1 : 220,000 Hb in 
80 sec., with 1 : 48,000 Hb in 72 sec., with 1 : 4000 Hb in 60 sec., with 
1; 870 Hb in 24 sec. Dehydration time was probably more affected by 
the diffusion time than hydration time, but the effect of very low con- 
centration of Hb was still very distinct. The Hb used was prepared by 
Adair’s method. 

The results show that very diluted concentrations of free Hb have a 
strongly accelerating effect on the hydration and dehydration reactions 
of CO,. The final equilibria are not appreciably shifted, so that the 
action of Hb might be described as catalytic. | 

An effect of serum on the hydration velocity could not be found; 
Hb in serum has the same influence as in bicarbonate solutions. 

It is easy to show the phenomena described by the use of phenol red. 

Another way of studying the rate of dehydration is by quickly 
mixing the bicarbonate solution with a certain amount of acid, and 
registering the change in pH. This change is also very slow, the rate is 
governed by the reaction H,CO, == H,O + CO,, and in more alkaline 
ranges probably by HCO,- == CO, + OH-; the type of reaction is 
very much dependent on the original pH, but all types are accelerated | 
to nearly instantaneous reactions by the same low concentrations of Hb. 

This catalytic property of Hb seems to be dics onecies abolished by 
traces of KCN. 


The effect of CO, on vapour pressure of blood and of hemoglobin 
solutions. By R. Marcarta (Physiological Laboratory, Cambridge). 

Determinations of vapour pressure of human blood serum in gaseous 
equilibrium with air, and defibrinated blood equilibrated with a 5 p.c. 
CO, mixture, showed that the difference was high enough to allow a 
study on the state of the CO, in the blood. The controversy existing on 
this point is that some authors state that all the CO, in the blood is in the 
form of dissolved CO,, H,CO,, and of HCO,, though others admit also 
the existence of a compound of the CO, with the hemoglobin. In the 
first case the addition of CO, to the blood ought to show an increase of 
osmotic pressure correspondent to the amount of CO, which is taken 
up by the blood; in the case of a combination of the CO, with the Hb, 
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on the alkaline side of the isoelectric point, i.e. not in form of Beets, 
this fraction of CO, would not be found osmotically. 

The difference in osmotic pressure between blood voailienad with 
air and blood equilibrated with the 5 p.c. CO, mixture, expressed in 
“osmolality” (mols in 1000g. of water of an ideal non-electrolyte), was 
found to be 0-0163 + 0-0005. The value of combined CO, at the same 
concentration of dissolved CO, is given for human blood as 0-0270: 
it seems therefore that only 60 p.c. of the total CO, is in form of HOO,. 

A number of experiments has been made on the difference of vapour 
pressure of defibrinated blood, serum and centrifugated blood corpuscles, 
equilibrated with gas mixtures at different CO, content (0-5 and 5 p.c., 
or 1 and 10 p.c.). The determinations of vapour pressure at the various 
CO, tensions were made without removing the solutions on the thermo- 
piles, only by washing the thermopile chamber with the CO, mixture 
wanted. On the same material the total CO, content was determined 
with the v. Slyke and Neill’s constant volume apparatus, after equili- 
bration with the same CO, mixtures used for washing the thermopile 
chambers. The equilibration was made at the same temperature as the 
vapour pressure determinations. 

The difference of osmotic pressure of blood equilibrated with two 
CO, mixtures has always been found to be sensibly less (from 40 to 
20 p.c.) than what it ought to have been, as calculated from the differ- 
ence in combined CO,. 

Such a difference appears to be generally less, though constant in all 
the experiments, in centrifugated blood corpuscles, and it is negligible 
in serum. 

In a 22 p.c. Hb solution, equilibrated with 0-4 and 10 p.c. CO,, the 
difference of osmotic pressure was found to be only 54 p.c. of the differ- 
ence in combined CO,. 

Determinations of pH also showed @ partial disappearance of the 
HCO, ions, being the difference of pH measured less than that one 
calculated from the CO, content with the Henderson-Hasselbach 
formula, which does not seem to have been rigorously menenea at very low 
CO, pressures before. 

The lower value obtained from the osmotic pressure determinations 
could be explained either by a decrease of the HCO, ions activity i in Hb 
solutions, or by the formation of a CO,-Hb compound. It is difficult 
however to explain such a large difference merely by a lowering of 
activity of the HCO, ions. For determinations of vapour pressure of 


mixtures of solutions of Hb and of — not equilieates with CO,, 
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gave a value which was only about 5 p.c. less than whet it would have 
been expected from the concentration of the NaHCO, and of the Hb in 
the solution; a similar result has been obtained from mixing the Hb 
solution with various NaC! solutions. | 

It seems therefore that the presence of the Hb in the solution does 
not affect the activity of the HCO, ions greatly, and it appears justifiable — 
to ascribe the results obtained in these experiments to a partial com- 


of death devercbrate cats. 
By A. T. Witson (Middlesex Hospital). 


In adrenalectomized decerebrate cats, death within two or three 
hours, preceded by respiratory symptoms, has been reported by some 
[Vincent and Thompson, 1929], confirmed by others[Reissand Bied], 
1930], and also subjected to varying grades of criticism [Florey and 
Szent-Gyorgyi, 1929; Sanders, 1930]. 

A review of the literature, and of some earlier work [Bazett, 1920], 
gives the impression that, in the comparison of results, variations in 
technique, and a number of allied — have been incompletely con- 
sidered. 

In consecutive experiments six cats were decerebrated, under chloro- 
form, by inserting a tracheal cannula, ligating both carotids about 2 cm. 
below the cricoid, trephining, opening the dura, passing a tenotome along 
the ridge of the tentorium, cutting the brain stem and subsequently 
controlling hemorrhage by pledgelets of dry wool packed between the 
roof of the skull and the floor of the anterior fossa and the most anterior 
part of the middle fossa. The cut mid-brain, untouched by this packing, 
was loosely covered with minced temporal muscle, 

Lumbar adrenalectomy without asepsis was performed 1 hour later. 
The adrenal vein was ligated on each side of the gland; the adrenal was 
lifted from its bed and cut free. The animals were kept on unheated 
tables at a room temperature of about 65° F. They survived (omitting 
fractions of hours) 10, 5, 9, 10, 6 and 12 hours after adrenalectomy. 
None showed any terminal respiratory symptoms. 

The levels of decerebration, inspected after fixation and dissection, 
were, at the lowest, opposite the middle of the inferior colliculi pos- 
teriorly, and the upper border of the pons anteriorly; and, at the 
highest, some 3 mm. above this level posteriorly and 2 mm. anteriorly. 
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No obvious correlation between: these levels and the survival periods 
was observed. | 
"hee influencing the survival period were presumably shock and 
hemorrhage, from the two operative procedures, and the relatively 
unknown metabolic disturbances which follow decerebration. — 
It is unfortunate that, since the adrenals are almost completely sur- 
rounded by nervous structures, it is practically impossible to estimate 
accurately by control experiments the relative effects on such survival 
- periods of, first, the injury to the tissues around the adrenals, and, 
secondly, the loss of the glands themselves. It can be said, however, that 
in the decerebrate, as in the intact animal, the adrenal region is unusually 
sensitive to surgical interference. : 
Without a rigid surgical technique, and hence a minimum of injury, 
it must be admitted that it is not difficult to obtain respiratory symptoms | 
and therefore short survival periods which must often result from shock 
and hemorrhage in such circumstances. A number of other factors 
affecting the mode and time of death of adrenalectomized decerebrate 
cats must also be noted. 
Tracheal mucus, producing varying degrees of asphyxia, is not un- 
common with ether anesthesia; it has, also, been attributed [Sanders, 
1930] to local anemia from carotid ligation which in addition reduces 
enormously the blood supply to the thyroids and the pituitary; it is 
difficult, however, to attribute much importance to these last in acute 
experiments. As regards the decerebration itself, the mid-brain levels 
vary considerably with different methods, but are uncontrolled in most 
reports. The important metabolic connections of this region must be 
remembered, Subarachnoid hemorrhages over medulla and cord were 
found in five of a series of twenty-five decerebrations. In only one case, 
however, were respiratory symptoms produced. In another series it had 
previously been noted that if the tentorial dura is reflected over the 
cut brain-stem respiratory symptoms from cord hemorrhage are more 
frequent. 
Lumbar adrenalectomy produces less shock than the abdominal 
operation as shown by blood-pressure records. It seems unlikely that a 
uniform degree of damage to the sympathetic will occur in every case. 
In cases where continuous blood-pressure records have been taken, 
_ the acutenéss and the type of terminal symptoms are much influenced 
by the introduction of anti-coagulant fluid into the circulation when the 
premortal fall of blood-pressure occurs. It would appear, therefore, on 
the present evidence, that a single endocrine factor cannot be accepted 
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as the usual cause of death of adrenalectomized decerebrate cats. The 
|» interaction of a number of factors seems the normal course of events. 
 ~ This is supported by the large variations in survival period even with 
> the most uniform technique possible. 
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Replacement therapy in adrenalectomized cats. By A. T. Witson 
(Middlesex Hospital). (Preliminary note.) 

; 2 With the technique employed in this investigation, cats adrenalecto- 

» _ mized in two stages have been found to live about 7 days, unless acces- 

sory bodies were present. 

Six cats, thus adrenalectomized, injected with 4 c.c., and later 6 c.c., 
daily, of adrenal cortex extract prepared by the method recently de- 
scribed by Swingle and Pfiffner [1929] lived for much longer periods. 

Three cats were kept on this extract for 30 days. On discontinuing 
injections, they died on the 33rd, 34th and 35th day. Of the remaining 
three, one died suddenly on the 16th day, having been unchanged 
apparently for the previous 14 days; and two died after severe respiratory 
infections on the 21st day. No accessory adrenals were found in any of 
these animals. 

These observations confirm the presence of an active principle in 
adrenal extracts prepared by the method of Swingle and Pfiffner. 

I am indebted to Prof. Samson Wright and Dr Kremer for advice 
and assistance; and to Messrs Allen & Hanbury for supplies of this 
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The oxygen consumption of the isolated uterus of the rat and 
mouse. By M. A. Kuayyar and C. M. Scorr — 


Laboratory, The University, Edinburgh). 


The oxygen consumption of the isolated uterus of the rat and mouse 
was measured at different stages of the normal cestrous cycle. A modified 
Barcroft manometer was used. The uterus, bathed in Ringer-Locke 
solution, was contained in a boat which was fixed inside the bulb of the 
apparatus. (istrus and dicestrus were differentiated by the vaginal smear 
technique. 

During estrus the oxygen consumed was on the average 5-6 c.c. per 
hour per g. of dried tissue in the rat and 8-4 c.c. in the mouse. During the 
greater part of dicestrus the oxygen consumption rate was approximately 
the same, but between about 40 and 24 hours before the onset of cestrus 
the oxygen consumption rate was enormously increased, varying from 
9-7 to 17-9 c.c. in the rat and from 24-4 to 38-6 c.c. in the mouse. 

The behaviour of the mouse’s isolated uterus during artificial cestrus 
was examined. The average oxygen consumption of the uterus of ovari- 
ectomized mice was 8-3 ¢.c. per g. of dried tissue per hour. Artificial 
cestrus was induced by the subcutaneous injection of oil soluble cestrin 
in the form of “‘ Female Hormone” (as supplied by the “Ciba” Company) 
and the oxygen consumption was 20-7 c.c., a rise of 150 p.c. This rise was 
found to begin about 1 hour from the time of injection and reached its 
maximum between 3 and 6 hours from that time. The highest figure re- 
corded during this period was 84-5 c.c. per hour per g. of dried uterus. At 
about the sixth hour from the time of injection the oxygen consumption 
rate fell to that of the fully developed artificial cestrus which usually 
occurred at the fiftieth hour. 

The effect of adding cestrin to the isolated uterus of the ovariectomized 
mouse was measured. We used water-soluble cestrin which Dr Marrian 
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of University College had prepared and had kindly made available for us. 
When sufficient cestrin was added to the Ringer-Locke solution in which 
the uterus was bathed, to produce a concentration of more than half a 
mouse unit per c.c., there was a rise in the oxygen consumption rate of 
about 100 p.c. Lower concentrations produced no effect. 


The expenses of this research were defrayed by a grant from the Moray Fund. — 


A convenient valve method of eliminating the ‘‘make’”’ shock 
of induction coils. By G. H. Bert and R. C. Garry (Institute of 
Physiology, The University, Glasgow). | 


In this valve device elimination of the “make” current depends on 
the fact that the induced current at “make” flows in the opposite direc- 
tion to that at “break.” The valves are so connected that their plates 
become negative when the primary current is closed and become positive 
when the primary current is opened. Thus no current can flow in the 


Figure: P, primary coil. 8, secondary coil. Z, bias battery. V, and V,, valves. X and Y, 
connections for the electrodes or for the electrostatic voltmeter. P,, primary coil 
current, §,, voltage in secondary circuit. ¢, bias voltage. 


secondary circuit during the “make” of the primary circuit, but there is 
little opposition to the flow of the secondary current when the primary 
circuit is broken. 

A very small steady current may flow in the secondary circuit even 
when the plates are connected (via the secondary coil) to the negative end 
of the filament heating battery. This can be avoided by giving the system 
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a negative bias by means of the battery H (a grid bias battery may be 
used). This has the further advantage of raising the threshold for passage 
of current in the positive direction so that if the induced current at 
“‘make” swings to the positive side it will be below this threshold and, 
therefore, no current will pass. In this case the stimulating voltage will 
be that appearing above the dotted line “e.” 

This apparatus possesses two special ee -It¢ does not require 
to be synchronized with the interrupter in the primary circuit. Also, if an 
electrostatic voltmeter is put between X and Y and the primary circuit 
rapidly interrupted, the voltage across the meter will gradually rise until 
it reaches the peak voltage of the induced current. The coil can thus be 
calibrated in terms of peak voltage against centimetres distance under 
standard conditions of the primary circuit. 

If a large output is required two Marconi U 5 valves may be used— 
the two plates of each valve should be connected together. For most 
physiological purposes it is quite satisfactory to use old wireless valves 
with the plate and grid connected. Such valves may be purchased 
cheaply. 


We are indebted to Prof. Taylor J ones, who suggested the use of 
valves in this manner. 


Effect of untreated urine of pregnancy on the hypophysecto- 
mized rabbit. By Marcarer and A. 8. Parxzs 
College, London). 


Intravenous injection of small amounts of urine of pregnancy readily 
induces ovulation in the unmated rabbit [Friedman, 1929, and others], 
but difficulty was found [Hill and Parkes, 1931] in producing the effect 
with urine extracts in the rabbit hypophysectomized by decerebration. 
Since anterior lobe extracts cause ovulation freely in rabbits similarly 
hypophysectomized, and since the concentrated urine extracts, as tested 
on immature mice, were about five times as active per c.c. as the original 
urine, this result was difficult to explain. We have now observed, however, 
that the urine extracts, though far more active on immature mice, were 
less efficient in both normal and hypophysectomized rabbits than un- 
treated urine. Our results with the latter on hypophysectomized animals 
(summarized in Table I) show that the ovary-stimulating substance of 
urine of pregnancy causes ovulation readily in the absence of the pituitary 
b2 
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body, and is thus similar in this particular biological action to the eub- 


- stance obtained from the anterior lobe itself. 
Tastz I. Induction of ovulation in the hypophysectomized 


No. of 
animal 
37 
APT 38 
APT 39 
APT 40 


APT 42 
APT 46 
APT 48 
APT 49 
APT 50 
APT 51 


rabbit by injection of untreated urine of pregnancy. 


Initial 
condition 


Amount of 
urine given 


in two. 
doses 

8c.c. in two 
doses 


Result 
2 follicles ovul- 
ated, 3 with P.0.H. 


Time of ovulation 
(hrs. and min.) 


23.35-37.40 
Lees than 17.25 
Died 12.85 
12.00-13.00 


Died 32.25 
Died 17.40 
21.35-27.50 


Less than 16.30 


Died 20.25 
Less than 16.00 


The comparative inefficiency of our urine extracts was clearly not due 
to lack of the active substance [see Hill and Parkes, 1930] and was 


_ probably accounted for by the high concentration of toxic substances 


characteristic of many of the extracts. 


REFERENCES. 
Friedman (1929). Am. J. Physiol. 90, 617. 


Hill and Parkes (1930). Proc. Roy. Soc. 107, 30. — 


Hill and Parkes (1931). J. Physiol. 71, 40. 
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Contact breaker for variable frequencies. By G. L. Brown and 
_D. 8. Les (Department of Physiology, University of Leeds). 


The apparatus consists of an electric motor which can be run at a 
variety of constant speeds, carrying on its shaft cams actuating a number 
of rockers. The motor actually employed is of an old type with a large 
armature giving constant running at low speeds. Any small mere how- 
ever, of the 6-10 volt, 10-30 watt p.o. type ~ be used. 


Wistig: Cam and Contacts. 


The in the it is wired as a shunt 
motor to a 12-volt starter battery, a steady 12 volts is maintained in the 
field, and a six point radial switch allows 0, 2, 4, 6, 8, or 10 volts to be 
applied to the armature. With these voltages the motor runs at 110, 235, 
380, 520, and 660 revs. per min., and the change between any two speeds 
is complete in less than } sec. This rapid acceleration and retardation, 
which enables rapid changes in stimulating frequency to be made, is 
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attained by keeping the armature resistance as low as possible. In this 
motor the armature resistance is } ohm. On increasing this to 1 ohm, the 
acceleration takes at least 1 sec., all speeds are reduced, and the motor 
- becomes susceptible to small changes of load. The necessity of keeping 
the armature resistance low prohibits the use of a potentiometer for 
varying the armature current. 

the other one lift per revolution. The cams are cut from vulcanite § in. 
thick, and give a maximum lift of about 4 in. The rocker arms are made 
of aluminium alloy and rotate about a steel rod. One end of the rocker 


carries a fibre block which bears on the cam; the other end is bushed with | 


fibre and carries a screw, to which is soldered a flat platinum contact. The 
stationary contacts are held in a brass rod which is also bushed with fibre. 
The rocker arms are held in apposition with the stationary contacts by 


means of short lengths of clock spring. This type of contact, which is 


similar to that used in the magneto, gives a constant break at high speeds 
and is free from chatter. The cams in each pair are set slightly staggered, 
and each pair of contact arms is so wired that one breaks the primary of 
the induction coil while the other shorts the make of the primary. Change 
over from one set of contacts to the other is arranged for by a four-pole 
two-way switch. 

String galvanometer records show that the breaker gives induction 
shocks of constant magnitude at a constant rate and that the make shock 
is satisfactorily eliminated. 


“Habit” in walking, and its cost. By J. S. Macponap and 
Marearet 8. MacponaLp (now Munpay). 


_ The gas-analysis examinations here alluded to were made with seven 
subjects of diverse physique. Hach subject was examined sometimes less 
than, sometimes more thay two or three times on one day, most fre- 
quently at short successive intervals of about ten minutes. 

The speed of walking was left altogether to the subject’s choice, it 
being however understood that some twenty examinations ought to 
cover a wide range of speeds. In one case “ Donnelly ” forty-four separate 
examinations were made to establish a main case. 

Although no attempt was made to arrange the velocities accomplished, 
and thus they were always obtained in an irregular sequence, they show 
evidence of an intrinsic order, Thus in several instances the actual veloci- 
ties are capable of statement in a general form—with very few exceptions 
—as, v = B”, where B is a constant, and n s-series of integers, | 
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This fact seems to indicate immediate reference to the Weber- 
Fechner law, and to the selection of velocities as based upon a definite 
scale of “sensations.” 

It is of interest that there is generally also an order in the scale of 
step-lengths utilized, but of a different and more complicated kind. 
S = An. The value of the constant A being different in the different 
subjects, as witness the following examples: 

16-37 9-28 15-16 8:1 

This arrangement is termed above as “more complicated” because it 
seems referable to the cost or rather to a certain fraction of the cost of 
walking. Thus in the first of these instances the cost in a fairly large 


: group of the examinations made is capable of og statement: 


(1688+ 

Here the cost is stated in two fractions as so many small calories per 

second, and the minimal value of the bracket contents of the first fraction 

is given when the step-length is , /18*". In the other instances a similar 
relation holds between the value of “A” and the statement of cost. 

Regarding the second fraction as possibly that cost assignable to the 


+8: 


_ maintenance of the effort upset by the impact of the heel with the ground, 


the first might possibly be regarded as the more variable fraction, bound 
to undergo variation with the “style” of movement and with the conse- 
quent variation in the work done on the toe. It is suggested that the scale _ 
of step-lengths found in use by each subject is referable to such variations 
frequently undertaken in the past history of the subject’s movements. 

There is, in addition, some sign of evidence that not only this fraction, 
but also the total sum of the effort made in each step may leave its de- 
finite impression on some part of the central nervous system, possibly 
the cerebellum. In one subject (alluded to previously as “the main 
case”’) the cost of a step has proved to be strangely the same at different 
velocities. Thus the velocities: 1-29, 1-33, 1-43, 1-53 and 1-65 metres per 
second, a varied series therefore from 2-89 to 3-69 miles per hour, -were 
attended by the following costs per step: 49-5, 49-9, 50-5, 49-3, and 
49-8 small calories, and that when taken on different dates: May 27th, 
June 7th, July 7th, July 17th, and May 26th respectively. — 

So, rather surprisingly, an attempt to cover the ground faster and 
faster may sometimes involve no change in the cost of each step. In such 
a series as that just given the character of the movement must be serially 
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modified whilst the cost is maintained constant. The “cost” is evidently 
the “habit” and might be claimed a place in “‘memory.” 
In the instance quoted (“the main case”) the whole series of costs 
per step is broken up into definitely separable groups, each of this 
character : 3 


Measurement of the area of the placental membrane. By 
~A. Sr G. Huacerr (Department of Physiology, University of Leeds). 


In order that quantitative measurements of the transfusion of 
materials across the placenta could be made, it has become necessary to 
obtain the area of the membrane of the placenta, that is, of the villous 
surfaces of the chorion which are embedded in the decidua basalis. 

Dodds [1922] described a method applicable to the human placenta. 
This communication describes a method of universal application to the 
placenta of any animal at any stage of development. 

- The fresh placenta on removal from the uterus is stripped of its mem- 
branes and of any adherent clot, and its volume when fresh is determined 
by displacement of saline. This can be done for the whole placenta or for 
its cotyledons as in the Ungulate. In the mature placenta the footal and 
maternal portions can be determined separately in those species where 
they undergo separation spontaneously. 

A portion is fixed in any suitable fixing solution and passed through 
the alcohols to paraffin and embedded for cutting. In this process the 
_ tissue undergoes shrinking by about 50 p.c, of its original volume, This 
contraction is measured and allowed for in the final result. Sections 
are cut of known thickness and stained with a suitable stain.. Iron 
hematoxylin and Van Gieson have been found to give suitable results, 
the chief point required being contrast between the cells and nuclei 
of the trophoblast and those of the decidua, The sections are cut of 
standard thickness, 10u being found suitable. Areas of the section con- 
taining the interlocking villi and decidua are then projected on to a 
photographic negative or a series of negatives, Prints are made from 
these negatives, In doing this, a suitable known magnification is used 
and checked by accurate measurements against a projection of engraved 
lines separated by distances of 10u and 100u, 

The photographs are mounted and the outline of the villi traced out 
with a map meagsurer, so that the actual periphery of all the villi in the 
photograph are measured, the wheel “ the map measurer being reversed 
over a millimetre scale. 
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This distance in millimetres divided by the magnification gives the 
actual periphery of the villous surfaces in millimetres, and multiplied by 
10 yields the actual area of the chorionic villi. The fact that some villi 
are obliquely set in the section will not interfere with the average result 
nor with the final total result. The area of the photographs multiplied by 
10 and divided by the square of the magnification yields a measure of 
the actual volume of the photographed tissue. 

With premature placente and with some full term placente the 
proportion of the total placental section occupied by interlocking villous 
tissues and decidual tissue (i.e. by chorionic villi such as photographed) 
was determined by low power projection on millimetre paper. From this 
the actual volume of the placenta occupied by chorionic villi and decidua 
was calculated. With the determined fact that a known volume of tissue 
contains so many square millimetres of placental membrane, it was 
possible to calculate its total area. The area was multiplied by the total 


volume (corrected for non-villous tissue) of the embedded placenta. Any 


contraction in fixing, dehydrating and embedding was corrected by direct 
calculation from the volume before and after embedding. 


Dodds, G. 8. (1922). Anat, Record, 24, 287. 


An apparatus for mammalian heart perfusion. By J. S. Harrison 
‘(Department of Physiology, University of Leeds). 


The apparatus described has been designed to replace those of Brodie 
and Cullis [1908] and Gunn [1913], which have the disadvantages of 
great bulk and unsatisfactory temperature control. To overcome these 
deficiencies a thermo-regulator is inserted into the perfusion fluid im- 
mediately before it enters the heart, and heating is effected by means of 
a water jacketed glass spiral. 

The construction of the apparatus will be seen from the diagram. 
Oxygenated perfusion fluid from a wide reservoir passes into a coil of 
glass tubing immersed in water whose temperature is regulated from the 
thermostatic control, a screw clip regulating the rate of flow. The liquid 
now passes by a short rubber tube into the cannula holding the regulator; 
the latter must be small and efficient. 

The principle adopted in this thermo-regulator is rise of pressure with 
increased temperature, using a liquid just above its boiling point (e.g. 
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ether, 2.P. 35° C.). In this way a very small amount of liquid will pro- 
duce as great a change of pressure as a large volume. Mercury is thus 
forced up the central tube to the extent of, roughly, 1 cm. per °C. and the 
gas is cut off in the usual way, leaving a small by-pass flame (electrical 
control may, of course, be substituted). In fact, the rise is so great that 


the gas leads are continued upwards for some centimetres to prevent the 


mercury being driven out of the regulator through accidental over- 
heating. For this reason also, the volume of mercury in the bulb at low 
temperatures is made larger than the capacity of the upper part. 


cms 
4 


The water bath—12 cm. wide by 15 cm. deep—is not drawn to scale. 


The apparatus, therefore, provides a very sensitive but small unit, 
and the total volume of perfusion liquid between heating coil and heart 
is so small that the temperature lag is negligible. If the water bath is of 
the correct size (if too small it may overheat), the temperature as registered 
by the thermometer at the outlet remains constant to 1° C. or less, although 
the rate of flow may vary considerably. As the temperature is controlled 
from a point so close to the heart, outside temperature differences will 
have little effect. An ample supply of perfusion fluid is desirable under a 
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pressure of about 80 cm. of water. Any bubbles are trapped in the upper 
part of the cannula. 
TOW close purposes, and has been found 


very satisfactory. 
REFERENCES. 


Brodie, T. G. and Cullis, W. C C. (1908). J. Physiol. 37, 337. 
roe J. A. (1913), J. Physiol. 46, 506. 
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A new method of calibration for Hill’s method of sihiaening 
heat production. By E. (Zoological Institute, Munich). 


In Hill’s method of measuring the heat production in nerve and 
muscle it is necessary for calibration to transmit a known amount of 
heat to the tissue studied. This can be done by means of condenser 
discharges. Their total energy is transformed to heat within the tissue 
owing to its great resistance. Two sources of error must be considered: 
(1) the existence of a residual charge in the condenser, (2) polarization 


1 


i 
= 


we ee 


Fig. 1. 
at the electrodes, if the charge necessary for heating is considerable. 
Both are avoided by using a series of alternating condenser discharges. 
These can be produced at any desired frequency by a simple arrangement 
(Fig. 1). It has a revolving commutator, consisting of two insulated 
parts (4, A.) and two brushes (b,, 6,). On the same axis there is a second 
wheel: this has pairs of brass plates which are attached, with respect to 
the commutator, in the manner shown in the diagram. They are con- 
nected crosswise. A, is connected electrically to one series of plates, 
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the other series is connected to one side of the condenser by means of a 
brush (6,). A pair of brushes (},, by) i is used for taking off the alternating 
current, 

The frequency of the discharges should not be too high; ohare 
they are incomplete and less heat is produced than calculated. The range 
which can be used depends on the capacity of the condenser and the 
resistance of the tissue. It can be found experimentally. The heat 
produced must be exactly proportional to the frequency of the discharges. 
The condenser is best calibrated with the absolute method of Maxwell, 
by means of a Wheatstone bridge and the commutator rs 
the reversing wheel). . f 

The chief advantages of the method are: (1) It is much simpler than 
other methods previously described. No special circuit is necessary. — 
The apparatus for producing series of condenser discharges can also be 


energy of the single discharges. (2) It can be used in measurements 
involving high sensitivity (nerve heat), in which case it is difficult to 
calibrate with other methods, owing to the difficulty of measuring weak 
alternating currents. It was found that the new method gives exactly 
the same values as the calibration method described by Hill [1928]. 


REFERENCE. 
Hill (1928), Proc, Roy. Soc, B, 108, 117. 


Phosphagen and cardiac function. By A. J. CLARK, M. G,. EoGieton 
and P. Eaaieton (Depis of Materia Medica and Physiology, Edinburgh). 

The following average values were obtained for the phosphate fractions 
in the protein-free filtrate from frogs’ hearts (R. esc.). 


Fresh Ringer’s fluid 
hearts for 24 hours 
in P per 100 
15-6 
2) Phosphagen 73 5-1 
3) Pyrophosphate 77 
4) ic.p tes with insoluble 
salts 11-3 9-7 
5) 
Total acid-soluble phosphate 84:5 87-0 


The Ringer’s fluid was buffered with bicarbonate and contained no 
phosphate; these figures show that in such conditions the hearts lose no 
phosphate after — perfusion. The phosphate fractions show 
remarkably little change. 
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Frog ventricles subjected to lack of oxygen showed a rapid loss of 
phosphagen, with a compensating increase in orthophosphate content. 
Both changes were quickly reversed on readmission of oxygen. 

: Phos- 


Ortho- 
‘Number phosphate 
of hearts (mg 
| analysed per 160 g.) per 100 g.) phosphate 

20 11-6: 7-3 0-63 
2) Ventricles deprived of oxygen fot : 
| Ditto with t oxygena- 
tion for 1 3 6-2 3-8 0-61 


The ventricles were driven at 20 beats per minute by slecieieal stimuli. 
Anaerobiosis reduced the mechanical response nearly to zero within 
15 minutes, but on readmission of oxygen the response returned almost 
completely in 10 minutes. : 

Calcium lack abolished the mechanical response within 2or3 minutes, 
but even after 10 minutes the phosphagen content remained normal. 
The changes in mechanical response and phosphagen content vary in 4 
parallel manner with oxygen lack but are dissociated in the case x 
calcium lack. 


Functional division of the splanchnic nerve under local 
anesthesia in the dog, and the secretion of urine. By 
A. Kutsteckt (Rockefeller Fellow), Many Picxrorp, P. Rors- 
SCHILD and E. B. Verney (Dept of Pharmacology, University 
College, London). (Preliminary communication. ) 

The experiments of Claude Bernard [1859] formed the starting 
point of a great deal of work on the function of the renal nerves. This 
work (see especially Eckhard [1869], Grek [1912], Marshall and 
Kolls [1919]), in establishing the fact that section of the splanchnic 
nerve, or of the nerve twigs passing to the kidney along its pedicle, is 
_ followed by a rise in the rate of urine secretion and by such a change in 
the composition of the urine as is produced by an increase in the blood 
supply to the kidney, cannot be invoked as evidence in support of the 
conception of the renal nerves as being the path of tonic vaso-constrictor 
impulses in the normal animal. The trauma inevitably associated with 

+ The control hearts were cut open and blotted before weighing. The ventricles were 


weighed wet previous to the experiment; hence the absolute phosphate values obtained 
are lower in (2) and (3) than in (1). This error does not affect the ratio shown in the last 
column. 
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such experiments, whether made with the animal under an anesthetic 
or not, gives ample opportunity for the initiation of reflexes the efferent 
path of one of which may well be the renal nerves. 

The technique devised by two of us [Pickford and Verney, 1930] 
for studying in the unanesthetized dog the acute effects on the secretion 
of urine of arrest of the circulation through a renal artery or one of its 
branches, afforded the possibility of applying a similar device to the 
study of the acute effects of section of the splanchnic nerve under local 
anesthesia in the dog. At a preliminary operation under ether anesthesia 
the ureters are extended to the surface, and a fine Bowden tube placed 
behind the left kidney. The upper end of this tube is fixed close to the 
splanchnic nerve and immediately above the left suprarenal gland. The 
lower end is passed into the left Fallopian tube to reach the exterior 
through the uterus and vagina. A silk thread fixed at the upper end of 
the Bowden tube loops loosely around the splanchnic nerve and passes 
to the exterior along the centre of the tube. Recovery from the operation 
is rapid. Some days later, and following the injection through the tube 
of a little 5 p.c. cocaine hydrochloride, the thread is tightened and the 
nerve in consequence functionally divided. Such experiments have shown 
that the close parallelism in the rates of flow and in the compositions 
of the urine from the two kidneys remains unaffected by such division, 
and that these quantities suffer no interruption in the sequence of their 
values. The possibility of these negative results being due to a bilateral 
spread of the renal fibres in each splanchnic nerve, an improbable ex- 
planation in view of Burton-QOpitz’s work [1916], was refuted by the 
fact that such results were not interfered with by section of the right 
splanchnic nerve at the time of the preliminary operation. (See in this 
connection Cannon, Newton, Bright, Menkin and Moore [1929].) | 

__ The classical inequality in the rates of urine flow from the innervated 
and denervated kidney immediately appears when a dog, after recovery 
from an operation involving extension of the ureters to the surface and 
section of the left splanchnic or denervation of the left kidney, is again 
put under the influence of a general anesthetic. This inequality, how- 
ever, is determined by a greater diminution in the rate of secretion by 
the innervated than in that by the denervated kidney. 

We are now using dogs with ureters extended to the surface for the 
purpose of investigating the processes underlying the response of the 
kidney to the ingestion of water. In confirming the fact [Bykow and 
Berkmann, 1931] that the response is unaffected by previous denerva- 
tion of one kidney, we have been able to show that exercise inhibits the 
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- response by the innervated and by the denervated kidney to an equal 
degree, and this at a time when absorption from the gut may be complete. 


[The expenses of this research are being defrayed in part by a grant from the Govern- 
ment Grant Committee of the Royal Society, oC 
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The control of the pregnancy changes in the uterus of the rabbit. 
By J. M. Rosson (Macaulay Laboratory, Institute of Animal Genetics). 


The intramuscular implantation of bovine pituitary or the sub- 
cutaneous injection of alkaline extracts thereof, or of gonadotropic 
extracts prepared from the urine of pregnancy [Wiesner and Marshall, 
1931], into rabbits is followed by the formation of luteal tissue in the 
ovaries. Concomitantly, typical changes are obtained in the uterus: 
there is proliferation of the endometrium (of the type seen during 
pregnancy). Moreover, the in vitro response of the uterine muscle (in 
oxygenated Ringer-Locke solution) to “pituitrin” is abolished ; the addi- 
tion of “ pituitrin” to the bath now causes relaxation of the muscle and 
inhibition of its rhythmic activity; the oxytocic principle of the posterior 
lobe has little or no action on the muscle, while the pressor principle 
causes relaxation (the preparations, pitocin and pitressin, kindly supplied 
by Messrs Parke, Davis and Co., were used in those experiments; both — 
pitocin and pitressin contract the normal cestrous uterus). The period 
during which corpora lutea, formed as a result of a single implantation 
of pituitary, exert their activity (as determined by the uterine changes) 
is less than the period of activity of the corpora lutea of pseudopregnancy 
(which remain active for some 16 days, if the resulting changes in the 
uterine muscle and endometrium are taken as criteria). Five days after 
a single implantation of pituitary the typical uterine changes described 
above are observed; moreover, red and apparently active corpora lutea 
are found in the ovaries. In a number of experiments no active luteal 
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_ tissue remained in the ovaries by the eleventh day after implantation, 
when the uterus no longer showed any progestational proliferation and 
its reactivity to “ pituitrin” had returned. If pituitaries are repeatedly 
implanted at definite intervals (2-3 days) the changes in the uterine 
muscle and endometrium are prolonged. Similarly, the repeated injection 
‘of alkaline extracts of the pituitary or of gonadotropic extracts made 
from urine of pregnant women causes changes in the uterus which may 
be prolonged for over 20 days (extending thus beyond the normal period 
of pseudopregnancy). The duration of persistence of the uterine changes 
with prolonged injections shows marked variations in different animals, 
and with different extracts. Moreover, the muscular and endometrial 
changes may last for different periods in one and the same animal. __ 
j REFERENCE. | 
Wiesner, B. P. and Marshall, P. G. (1931). Quart. J. Exp. Physiol. (In the press.) 


_ Reflex and motor contraction in chronic spinal animals. 
By K. Marruss and T. C. (Ozford). 


A reflex contraction of M. soleus can be evoked in a majority of 
chronic spinal cats by a single break-shock stimulus applied to a contra-— 
lateral afferent nerve. Allowance of time for recovery is not, however, 
the sole condition necessary for the appearance of the reflex, as it has 
been found totally absent as late as 80 days and present a few after 
severance of the spinal cord. The tension developed may equal and 
exceed the maximal motor twitch. This evidence of the repetitive cha- 
racter of the single-shock response is supported by the complexity of 
the action current and the duration of the reflex, which may three times 
exceed that of the motor twitch. The reflex, however, exhibits great 
variability, and in a few animals has been of a character which does not 
exclude interpretation on the basis of asynchronous central discharge. 
Latencies as short as 100 and as long as 70¢ have been observed, though 
30-400 is typical. Integrity of the proprioceptive arcs cannot be a 
necessary condition for appearance of the response, as it has been seen 
after complete deafferentation of soleus muscle. . 

The single shock crossed extension reflex can be inhibited by. a single 
shock applied to an ipsilateral afferent nerve as long as 5000 previously. 
By a suitable adjustment of the two stimuli intensities, the tension of the 
reflex response may be made to grade with the interval separating the 
two stimuli along definite curves of variable gradients. A similar de- 
pendence of reflex tension on interval of time is exhibited when the 
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excitatory precedes the inhibitory stimulus. The reflex can be inhibited 
in the same fashion after deafferentation of the muscle. | 

The myogram of the crossed extension reflex to repetitive stineodation 
shows clear signs of contralateral inhibition intermixed with excitation. 
The inhibition set up by the exciting stimulation may be sufficient totally 
to suppress all reflex response during the period of stimulation or allow 
only a prolonged and gradual ascent, even though a single stimulus of 
the same intensity evokes a vigorous contraction. A repetitive stimula- 
tion has been seen to result in an initial twitch-like contraction with no 
reflex effects for the balance of the period of stimulation. On the other 
hand, one preparation yielded a response only slightly inferior in tension 
to the maximal motor tetanus and with an ascent oe concave 
upwards, 

The stretch reflex of soleus has been examined wivedsiibantty in 
four chronic spinal cats (29, 37, 80, 84 days), and in one (80 days) myo- 
graphic confirmation was obtained of the existence of the stretch reflex 
suggested by inspection. Throughout the period of increasing stretch 
the muscle answers by an incompletely fused tetanus, which persists 
during the period of sustained stretch as a series of irregular humps 
well above the level struck by the muscle when similarly stretched — 
during reflex inhibition or paralysed by nerve section. In quadriceps 
and soleus of the other cats examined only a most fragmentary, phasic 
response could be detected. The stretch reflex though elicitable in chronic 
spinal cats, and spinal dogs [Denny Brown and Liddell, 1927] and 
therefore partly a spinal process, remains greatly inferior to the decere- 
_ brate reflex even after a long period for recovery. | 

A factor which might contribute to an apparent deficiency of extensor 
reflexes in chronic spinal animals is a possible “isolation dystrophy” of 
the muscles on which we must depend in recording reflex behaviour. 
Some observations of Fulton and Sherrington on the motor nerve 
responses of a chronic spinal monkey suggest such alteration. We have 
therefore examined myographically the motor responses for acute spinal 
cats as late as 80 days after transection without finding any gross 
changes in tetanus tension or twitch duration of tibialis anticus or soleus 
when compared with normal cats or with a fore-limb muscle of the spinal 
cat under observation. But in a chronic spinal monkey (21 days) the 
hind-limb muscles were found inexcitable through their motor nerves 
both to faradic and constant currents. The responses of the muscles when 
directly stimulated showed no abnormality when compared with the 
muscles of a normal monkey stimulated in the same fashion. Osmic acid 


& 
a 
a 
i 
=. 
4 
‘g 
4 
Ag 
4 
R 
q 
a 
ia by 
yj 
wW 
Ve 


SOCIETY, JULY 4, 1931. 


preparations of the motor nerves showed degenerative changes in their 
fibres. Further observations are before can 
be advanced. 


REFERENCE. 
Denny Brown, D. E. and Liddell, E. G. T. (1927). J, Physiol. 63, 144, 


Stimulation of the coainiadialaas of the mammalian heart. By 
J. C. Ecotzs and H. E. Horr. (Preliminary communication.) 


It has been suggested that the compensatory pause following an 
extrasystole is due to the extrasystole arising from a part of the auricular 
wall other than the pace-maker [Wenckebach, 1903; Lewis, White 
and Meakins, 1914], and this suggestion has been supported by experi- 
ments showing very little lengthening of the cycle following an extra- 
systole set up from the pace-maker [Sansum, 1912]. The compensatory 
pause would be due to the conduction time from the stimulated point 
to the pace-maker. Miki and Rothberger [1922], however, showed 
that this explanation would not suffice for there was considerable length- 
ening of the cycle following an extrasystole set up from the pace-maker. 
In the further investigation of this problem an attempt has been made to 
stimulate the pace-maker and to obtain an electrogram directly from the 
stimulated point. 

Small silver hooks piercing the epicardium over the sino-auricular 
node have been used as stimulating electrodes, and the cathode of the 
stimulating circuit has in addition been used to lead off to a Matthews 
oscillograph, the other leading-off electrode being a silver hook in the 
epicardium of the auricle adjacent to the sino-auricular node. 

The sino-auricular node of a normally beating heart only responds 
to an induction shock applied during the second half of its normal cycle. 
The electrical record of the response is superimposed on the record of — 
the stimulus “escape” and its latent period can be measured. The period 
between the stimulus and the first sign of the electrical response has 
been almost independent of the position of the stimulus in the cardiac 
cycle except when the stimulus comes early in the cycle. Then the 
satent period lengthens 20 that the response occurs at a fixed place in the 
cardiac cycle. 

The earlier the response is in the cycle, the longer is the subsequent 
compensatory pause. In each case of a series the period between the 
preceding normal response and the forced beat has been plotted as 
abscisse against the compensatory pause as ordinates. The curve so 
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obtained is convex upwards and passes close to the points 0-5: 1-17 
and 1-0: 1-0. Under certain conditions the heart responds spontaneously 
with a cycle shorter than normal, and in these cases there follows a 
corresponding compensatory pause. Similar curves are obtained when 
the action of the vagus is paralysed by atropine. 

The curves obtained for the pauses following early responses of a 
rhythmically discharging motoneurone [Eccles and Hoff, 1931] differ 


greatly from the curves for the heart, and this suggests that the mechan- 


isms of the rhythmic responses may be different. 
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In vitro action of antineuritic yeast concentrates. By N. 
Gavritescu and RB. A. Perers (Dept. of Biochemistry, Ozford). 


Addition of small amounts of antineuritic yeast concentrates to the 
brain tissue from polyneuritic pigeons suspended in glucose-phosphate 
solution effects a partial restoration of the lowered powers of oxygen 
uptake, previously observed. The action is more definite with the optic 
lobes than with with the cerebrum. A treatment with alkali sufficient . 
to inactivate the vitamin B, present destroys the action. 
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